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Human pluripotent stem cells (hPSCs) have great potential for neurological repair and 
regeneration, as they can be generated in large quantities then differentiated into any neural 
subtype.   There have been many protocols developed to direct the differentiation of hPSC 
into specific neural cell types
1–3
, but these protocols rely heavily on biochemical cues, require 
a long differentiation period and have a low efficiency.  In this study, we have explored the 
use of topographical cues to minimize these obstacles and developed flow cytometry analysis 
strategies to more accurately track the changes in marker expression during differentiation.  
We have found that analysis of flow cytometry data using the normalized median 
fluorescence intensity (nMFI) will provide a more accurate representation of the starting 
hPSC population, a superior comparison between sets of differentiation, and a more sensitive 
measure of pluripotent and lineage-specific marker expression changes during hPSC 
differentiation.  We have also found that the analysis of flow cytometry data using fixed 
fluorescence intensity gates is more effective at tracking marker expression changes during 
hPSC differentiation.  Using these two flow cytometry analysis methodologies, we have 
determined that the topographical cues from 2µm gratings increase the rate of hPSC neural 
differentiation, and that additional periods of culture on topography can further increase the 
rate of hPSC neural differentiation.   We envisage that this work can be applied to future 
neural differentiation protocols to further increase the yield and efficiency, as well as decrease 
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Chapter 1:  Introduction 
1.1 Background 
Human pluripotent stem cells (hPSCs) are potentially a great cell source for tissue 
engineering and regenerative medicine due to its ability to self-renew indefinitely, thus 
generating a large quantity of cells for differentiation into any somatic cell type
4,5
. hPSCs can 
be sub-divided into two groups depending on their source, namely, human embryonic stem 
cells (hESCs) and human induced pluripotent stem cells (hiPSCs).   There has been particular 
interest to use either cell type to derive neural cells for the treatment of stroke
6
, spinal cord 
injuries
2
 and neurodegenerative diseases, such as Parkinson’s disease3,7.  Multiple protocols 
have been developed for the generation of neurons, oligodendrocytes and astrocytes
1–3
, with 
many first generating neural stem cells (NSCs) or neuroprogenitors (NPs) in an intermediate 
stage
8–11
.  This intermediate stage has been of particular interest, as these NSCs and NPs can 
be expanded further before differentiating them into any of the three desired neural cell 
type
3,12–15
.  There are two common approaches to differentiate hPSCs into NSC/NPs in vitro, 
the first requires 14 – 28 days of differentiation beginning with the formation of embryoid 
bodies followed by neuroectodermal and neural precursor cell induction by stage specific 
cues, such as fibroblast growth factor 2, retinoic acid, and/or noggin
3,8,13,14,16
.  The second 
approach is completed in 11 days using adherent cultures and inhibition of SMAD signaling 
by Noggin and SB431542, thereby inducing ectodermal differentiation through the prevention 
of mesendodermal differentiation
11,17
.  Recently, a third approach has been proposed – to use 
topography to induce and augment neural differentiation
18–21
.  In the last three years, 
publications report that nano-gratings can induce hESC neuronal differentiation even in the 
absence of neurotrophic factors
19
.  Furthermore, it has been demonstrated that nano- and 
micro-fibers are able to augment neuronal differentiation of hESC, with even greater neuronal 






The ability of surface topography to augment neural differentiation was determined by 
quantifying the final percentage of cells expressing neuronal markers through 
immunostaining.  However, a more quantitative and accurate method of tracking protein 
expression during differentiation is flow cytometry, a simple, sensitive and well-established 
method that detects various parameters of light to measure the physical and chemical 
characteristics of biological cells
22
. Utilizing flow cytometry, it is possible to obtain a more 
accurate percentage of cells that express a protein above a chosen threshold in a larger sample 
size.  However, additional improvements are needed, as current flow cytometry analysis 
methods are not sensitive enough to identify small changes in the amount of protein 






While studies in the past few years have demonstrated the ability of topography to augment 
the neuronal differentiation of hESCs, the manner in which topography improves the neuronal 
yield remains unknown.  To be able to incorporate topography into future differentiation 
protocols for clinical applications, the process by which topography influences hPSC 
differentiation must be elucidated.   The observed increase in neuronal yield could be a result 
of topography preferentially directing hPSCs into the neural lineage, by inhibiting 
mesendodermal differentiation, or by increasing the rate of neural differentiation.   To 
determine the cause of the topography-induced neuronal increase it is necessary to closely 
follow the progression of the differentiation (i.e. the percentage of cells at each intermediate 
cell state).  To track the progression of differentiation, an alternative flow cytometry analysis 
method must be developed, as the current methodologies are prone to skewing by outliers and 
are not sensitive enough to identify the subtle changes in protein expression that indicate 
changes in cell state and biological function
23–26
.  Thus, this thesis aims to determine the 
manner by which topography induces a change in hPSC differentiation; first by developing a 
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quantitative method to accurately track cell state, and then by following the progression of 
cell states within a differentiating hPSC population on topography.   
 
1.3 Thesis Hypotheses 
We hypothesize that the use of topography, particularly gratings, augments the differentiation 
yield and efficiency of hPSCs into neuronal cells by increasing the rate of differentiation.  
This can be tested following the development of a more precise methodology to track the 
changes in marker expression 
 
1.4 Thesis Objective 
This thesis has two objectives: to determine a quantitative and accurate method to track 
hPSC differentiation, and to determine the effect of topographies, particularly gratings, on the 
neural differentiation of hPSCs.   
 
The first objective was met by differentiating hESC into the three germ lineages and 
exploring different flow cytometry analysis methodologies.  We developed two 
methodologies: the first utilized the median fluorescent intensity (MFI), and the second 
utilized fixed fluorescence intensity gates.  We found that these two methodologies were 
more robust and accurate than current methods.   They were also not prone to skewing by 
outliers and were able to detect subtle changes in protein expression during differentiation.    
 
The second objective was accomplished by utilizing the flow cytometry analysis 
methodologies developed in the first objective to determine how hPSCs reacted to various 
topographies and culture conditions, and how neural differentiation of hPSCs is affected by 
culture on a grating topography. We found that hPSCs proceed through neural differentiation 
at a faster rate when cultured on the topographies and that additional periods of culture on 
topography can further improve the progression of neural differentiation.  Thus, we propose 
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that future neural differentiation protocols should incorporate grating-like topographies to 
decrease the differentiation period and reduce the amount of biochemical cues necessary. 
 
1.5 Thesis Organization 
This thesis comprises of 7 chapters that are organized as follows:  
Chapter 1 presents an overview of this thesis by providing the background, motivation, and 
objectives of this study.  
Chapter 2 provides a detailed literature review of the areas involved in this research.  These 
areas include hPSCs, differentiation of hPSCs, flow cytometry, and surface topography. 
Chapter 3 details the materials and methods utilized in this study.  
Chapter 4 presents the alternative flow cytometry analysis methods developed in this study.  
These methods utilize either the normalized median fluorescence intensity (nMFI) or fixed 
fluorescence intensity gates to more accurately track hPSC differentiation.  
Chapter 5 reports the work done to characterize the topographies used in this study, as well 
as the preliminary work done to observe the effect of topographies on hPSC fate.   
Chapter 6 describes the work done to elucidate the manner in which topography affects 
neural differentiation of hPSCs.  Here we found that gratings were able to increase the rate of 
neural differentiation of hPSCs and those additional periods of culture on topography further 
augment neural differentiation.    
Chapter 7 summarizes the findings of this study and recommends future directions to further 




Chapter 2:  Literature Review 
2.1 Introduction 
This chapter highlights the key accomplishments and current limitations in the literature that 
motivated the work done in this study.  This review begins with a summary of what 
pluripotent stem cells (PSCs) are, the scientific and medical interest in them, and their key 
characteristics.  This is followed by an overview of the cues which affect hPSC differentiation 
and more specifically neural differentiation.  An introduction to flow cytometry, a key method 
used in this study, is subsequently given, followed by a summary of different flow cytometry 
data analysis methodologies.  The chapter then concludes by detailing the definition and 
utility of topography for stem cell work.  As a whole this chapter provides a general overview 
of the current state of the field, describing the niche and the knowledge gap which this thesis 
fills.  
 
2.2 Pluripotent Stem Cells (PSCs) 
2.2.1 Definition & History 
Human embryonic stem cells (hESCs) are derived from the inner cell mass of a pre-
implantation blastocyst and were successfully isolated in 1998
27
.  They possess two main 
characteristics that make them a promising cell source for understanding human 
developmental biology, drug discovery, drug testing, and regenerative medicine
28
.  These 
characteristics are the capacity for long-term self-renewal and the potential to differentiate 
into any somatic cell type within the 3 germ layers in vivo and in vitro (Figure 2-1)
27–32
.  
Unfortunately, two chief concerns have delayed the use of hESC in regenerative medicine.   
The first is an ethical issue centered on the origin of hESC lines, which are aborted embryos, 
and the second is a safety concern.  There are those who believe that hESC research is 
morally wrong due to the “direct destruction of innocent human life” when deriving hESC 
from an embryo
33
.  This obstacle was partially overcome in 2006 by Yamanaka and co-
workers’ landmark discovery of murine induced pluripotent stem cells (iPSCs), which are 
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lineage-restricted fibroblast cells reprogrammed back to a pluripotent state through the 
ectopic expression of pluripotency-associated genes
34
.  This procedure was successfully 
translated in 2007 to generate human iPSCs from the same four reprogramming factors, 
Oct3/4, Sox2, c-Myc, and Klf4
35
.  In addition to being less controversial, iPSCs also have the 
advantage of being immuno-privileged, as they can be derived from a patient’s own cells 
before differentiation into the necessary cell type
36,37
.  The second obstacle facing the use of 
hESC and hiPSC (collectively hPSC) use in therapy is the risk of contaminating cell types in 
the hPSC-derived cell population.  These cell types include undifferentiated cells, 
intermediate cell types, and other unwanted cells, which are the result of imperfect 
differentiation efficiency
8,38
.   This mixed cell population could potentially lead to undesirable 
outcomes, including teratoma formation
39,40
.  To address this problem, researchers have 
developed techniques to remove undesirable cell population through genetic selection
41,42
, 
targeted removal with a combination of markers
43
 and cytotoxic molecules
44,45
.  These 
techniques have been largely successful, allowing for populations to attain a higher purity of 
greater than 90%
41,44
.  Concurrently, researchers have developed and refined multiple 
protocols to direct the differentiation of hPSC to a specific functional cell type (Section 
2.3)
8,38,41,46,47
.  The significant progress made has allowed two clinical trials using hESC-
derived cells for therapy to be approved by the U.S. Food and Drug Administration.  The first 
to receive the license was Geron Corporation, who began a phase I trial to test the safety of 
transplanting hESC-derived oligodendrocyte progenitor cells (GRNOPC1) in patients with 
very recent spinal cord injuries resulting in paralysis
48
; unfortunately, this trial was 
discontinued due to financial concerns
49
.   Advanced Cell Technology Inc. was the second 
company to receive approval to conduct clinical trials studying the “safety and tolerability of 
subretinal transplantation of hESC-derived retinal pigment epithelium in patients with 
Stargardt’s macular dystrophy and dry age-related macular degeneration”.  Preliminary 
success was recently reported
50
.  While these clinical trials demonstrate the promise of hPSCs 
for regenerative medicine, additional work is still needed to fully identify and replicate the    
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in vivo differentiation cues to efficiently differentiate hPSCs into the desired cell types and to 
accurately identify the progeny. 
 
 
Figure 2-1 Pluripotent stem cells: Pluripotent stem cells have the ability to self-renew 
indefinitely or differentiate into any somatic cell type within the three germ lineages within 





hPSCs can be identified by their morphology, protein expression, gene expression, and 
function.  Typically, the presence of hPSCs is demonstrated by morphology (Section 2.2.2.1) 
and protein and gene expression (Section 2.2.2.2), but other means of identification include 
alkaline phosphatase activity, telomerase activity, teratoma assays, and embryoid body-
mediated spontaneous differentiation
27,35
.  These other identification techniques are generally 






hPSCs have key features which differentiate them from their progeny.  Typically, hPSCs 
grow as a tightly packed colony surrounded by fibroblast-like cells (Figure 2-2A, B).  The 
individual cells within the colonies exhibit prominent nucleoli and a high nucleus to 
cytoplasm ratio (Figure 2-2D, E)
35,51
.   
 
 
Figure 2-2 hPSC morphology: The typical morphology of A) hESC and B) hiPSC colonies 
that are surrounded by fibroblast-like cells for support. C) Example of a colony of non-
pluripotent stem cells.  D) High magnification of typical hESCs and E) hiPSCs with 
prominent nucleoli and a high nucleus to cytoplasm ratio. Scale bar is 100µm (A), 200µm (B, 
C), 50µm (D), and 20µm (E). Adapted from Thomson et al.
27





2.2.2.2 Markers for identity 
There are many genes and proteins that characterize hPSCs.  Transcription factors, OCT4, 
SOX2, and NANOG, are key identifiers (Figure 2-3A) as they are essential for the 
propagation of undifferentiated hPSCs
52,53
.  These three transcription factors are part of a 
regulatory circuit that inhibits hPSC from differentiating through auto-regulatory and feed-
forward loops.  These three factors work synergistically to promote the expression of genes 
that maintain pluripotency and repress the expression of genes that would push hPSC onto the 
differentiation pathway.   Recently, Wang et al. showed that NANOG is a specific repressor 





.  However, because these markers are transcription factors, 
they are not suitable for use when the cells need to be used for further experimentation.    
 
hPSCs can be identified by surface markers, such as Tra-1-60, Tra-1-81, SSEA3, SSEA4 
(Figure 2-3B).  However, these markers are also present on embryonal carcinoma cells and/or 
mouse embryonic stem cells; therefore, Choo et al. developed a panel of surface marker 
antibodies against hPSCs and from this panel, 5 antibodies have little to no reactivity with 
either embryonal carcinoma cells and mouse embryonic stem cells (Figure 2-3C)
44
.  One 
antibody, mAb 84, was of particular interest – it is a cytotoxic antibody that targets 
undifferentiated hPSCs and kills via oncosis
45
.  mAb 84 will be particularly useful in cell 





Figure 2-3 Markers of hPSCs: A) Key transcription factors – OCT3/4, SOX2, and NANOG 
– are expressed as transcripts and proteins in hPSCs, but not in fibroblasts.  B) hPSCs also 
express surface markers Tra-1-60, Tra-1-81, SSEA3, and SSEA4, but not SSEA1. Scale bar is 
100µm. C) Additional antibodies against hPSC-specific surface markers (red outline) were 
found by Choo et al
44






2.2.2.3 Sub-states of hESCs 
The key identifiers of undifferentiated hPSCs were discussed in Section 2.2.2.1 and 2.2.2.2; 
however, it is important to note that within the undifferentiated hPSC state, there exist many 
sub-states, which have slightly different morphologies, differentiation capabilities and/or 
marker expressions
23–26,29,54–56
.  The cells of these subpopulations are easily able to transfer 
between these sub-states, thus the relative percentages of cells within each subpopulation is 
maintained
25,26
.  The ratios of these subpopulation likely change in different culture conditions 
as the PSCs adapt to a new set of environmental cues
29,55
; however, it has yet to be confirmed 
as the number and identifiers of hPSC sub-states are currently unknown.  In 2007, Laslett  and 
co-workers  demonstrated that hESC concurrently express genes associated with the 
pluripotent state and differentiated state by immunotranscriptional profiling
56
.  This suggested 
that subpopulations exist within a standard hESC culture and that they represent different 
states of lineage commitment.  This work was further developed by Hough et al., who 
isolated four subpopulations based on the co-expression of surface markers, GCTM2 and 
CD9, and showed that the cells in each subpopulation had varying expressions of genes 
associated with pluripotency and lineage-specific genes and that each subpopulation could 
regenerate stem cell colonies with the full population
24
.  Concurrently, King et al. 
demonstrated that subpopulations of hESCs could be isolated using CD133 and CD135
23
.  
They found that CD133-positive hESC only gave rise to cells of the ectodermal lineage and 
CD133-negative hESC only gave rise to cells of the mesodermal and endodermal lineages.  In 
contrast, CD135-positive and CD-135 negative cells could be isolated but the two 
subpopulations exhibited no difference in differentiation potential and could give rise to all 
three germ lineages.  However, while these subpopulations exhibited different differentiation 
capabilities, they were unable to recapitulate the full hESC population.  Recently, Tonge et al. 
were able to isolate three subpopulations based on the expression level of SSEA-3 – negative, 
low, and high – that could not only repopulate the full hESC population, but  also exhibit 
different morphologies and differentiation capabilities
26
.  Unfortunately, the relation or 
overlap between the subpopulations identified by Tonge et al, King et al. and Laslett et al. is 
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unknown.  As such, further studies are needed to determine the number and identities of hPSC 
subpopulations, and to fully characterize the differences between these subpopulations. 
 
2.3 Differentiation of Human Pluripotent Stem Cells (hPSCs) 
One reason hPSCs are a promising cell source for regenerative medicine is because they can 
differentiate into any somatic cell type.  As such, there have been many protocols developed 
in the last two decades which will direct the differentiation of hPSCs into a specific cell 
type
3,8,38,47,51
.  These protocols have predominantly been developed by mimicking the cues the 
cells receive in vivo during embryogenesis
46
; thus, hPSCs are put through multiple stages of 
differentiation to serially restrict the cell lineage and drive them to the desired cell type.  The 
following sections detail the different cues which are utilized to direct the differentiation of 
hPSCs, the methods to track differentiation, and a focused review on neural differentiation.   
 
2.3.1 Cues that Affect Differentiation 
The differentiation of hPSCs into specific somatic cells is often done by modifying the 
extracellular matrix, scaffold, culture medium, and supplemental factors used to mimic the 
biochemical, mechanical, and topographical cues the cells would normally see in vivo during 
embryogenesis.  The following sections detail work that has been done for each 
differentiation cue.   
 
2.3.1.1  Biochemical 
To date, the majority of differentiation protocols developed utilize biochemical cues to direct 
the differentiation of the hPSCs.  These biochemical cues can come from the extracellular 
matrix used or supplemental factors added to the culture medium, and are often applied 
temporally and at varying concentrations to achieve the optimal effect
8,38,46,47,51
.  These 
biochemical cues are used to activate a variety of signaling pathways that direct hPSCs down 
a specific lineage, for example both the Keller and Murray groups have designed protocols to 
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differentiate hPSCs into cardiomyocytes in stages by the sequential addition of growth 
factors
57,58
.  The importance of applying the correct amount of a biochemical cue at a specific 
stage of differentiation was recently highlighted by Kattman et al
59
.  They found that the 
specification of the cardiac mesoderm from hPSCs required optimal levels of Activin/Nodal 
and BMP signaling, and that these optimal levels were cell line dependent
59
.  Similarly, the 
biochemical signals conveyed by the extracellular matrix play a role in the specification of 
hPSC differentiation.   This is best shown by Flaim et al.  who utilized an extracellular matrix 
microarray to demonstrate that different matrix compositions are better suited for endodermal 
differentiation
60
.  In particular, their analysis identified that the most efficient matrix 
composition for endodermal differentiation contained laminin, collagen I and fibronectin, 
whereas the least efficient condition contained only laminin.  Furthermore, within the other 
matrix compositions studied, collagen I and fibronectin were found to be the most influential, 
as these two were found in the best conditions, and lacking in the worst conditions.  In 
addition to the type of extracellular matrix protein, the concentration of the proteins adsorbed 
to the surface has also been shown to play a role in hPSC fate
61,62
.  These studies highlight the 
importance of applying the right biochemical cues in specific amounts at specific times to 
direct hPSC differentiation.   
 
2.3.1.2 Mechanical 
While biochemical cues are still the main differentiation cue used in most hPSC 
differentiation protocols, there have been many groups in the past decade who have begun to 
show that mechanical cues can also play a large role in the differentiation of stem cells.   
Engler et al. have shown that substrate stiffness plays a role in the lineage specification of 
mesenchymal stem cells during differentiation
63
.  More specifically, mesenchymal stem cells 
will differentiate into neurons on softer substrates with an elastic modulus between 0.1 – 1kPa, 
myoblasts on substrates with an elastic modulus between 8 – 17kPa, and osteoblasts on stiff 
substrates with an elastic modulus of 25 – 40kPa.  Similarly, the lineage of neural stem cells 
can also be specified by substrate stiffness, where softer substrates with an elastic modulus 
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less than 1kPa will induce neuronal differentiation, whereas stiffer scaffolds with an elastic 
modulus greater than 7kPa favor oligodendrocyte differentiation
64
.  An alternative theory, 
recently proposed by Trappmann et al., suggests that the porosity rather than the substrate 
stiffness affects the cell fate decisions of a cell
65
.  They proposed that the porosity of the 
substrate alters the distance between collagen anchoring points, thereby changing the local 
stiffness sensed by the cell as a consequence of the collagen tether’s ability to deform.  Both 
of these theories provide an interesting indication of how mechanical cues can play a role in 
stem cell lineage specification.   
 
In addition to passive mechanical cues, active stimulation, such as stretching, has also been 
shown to promote stem cell differentiation.  Many of the current studies have shown that the 
application of a cyclic uniaxial strain can induce or promote the differentiation of 
mesenchymal stem cells into osteoblasts
66–68





.  In contrast, a report by Saha et al. found that hESC differentiation 
was inhibited when a biaxial strain was applied
71
.  However, they also indicated that 
mechanical strain may promote differentiation of hESC when used in conjunction with 
complimentary biochemical cues.  As such, physical cues play an important role in the 
differentiation of hPSCs, but more studies are needed to truly understand and utilize the 
effects.   
 
2.3.1.3 Topography/Patterning 
Similar to physical cues, the roles of topographical and chemical patterning cues in hPSC 
differentiation are still being explored.  In particular, at least two groups, McBeath et al. and 
Kilian et al., have utilized chemical patterning to demonstrate the importance of cell size and 
shape in the determination of stem cell fate
72,73
.  McBeath et al. were the first to demonstrate 
the effect of cell size on mesenchymal stem cell differentiation into osteoblasts or 
adipocytes
72
.  Utilizing microcontact printed square islands of fibronectin in a mixed 
osteogenic/adipogenic media, they demonstrated that mesenchymal stem cells differentiated 
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into osteoblasts when they were able to spread and flatten on the large islands (10 000µm
2
); 
whereas, mesenchymal stem cells differentiated into adipocytes when forced to maintain a 




.  Kilian et al. built upon this study by 
focusing on 2500µm
2
 fibronectin islands that had been imprinted in varying shapes – 
rectangles of different aspect ratios and pentagons with different types of curvature
73
.  They 
found that mesenchymal stem cells preferentially underwent osteogenesis when placed on a 
pattern that increased acto-myosin contractility, or vice versa for adipogenesis.  Lee and co-
workers demonstrated a similar concept with hESC whereby hESC colony size dictated the 
mesodermal/endodermal lineage fate choice when cultured in bone morphogenetic protein 2 
and activin A
74,75
.  They demonstrated that when hESC colony size is restricted to 1200µm 
the hESCs preferentially differentiate into the mesodermal lineages, whereas when hESCs 
preferentially differentiate into the definitive endodermal lineage when the colony size is 
restricted to 200µm
74
.  These studies indicate the importance of regulating cell size and shape, 
but are predominantly focused on large micron dimensions due to the limitations in chemical 
patterning.  To further probe the importance of patterning in stem cell fate decisions, it is 
necessary to begin looking at smaller dimensions and cells at an individual level.  This 
technology was recently published by the Théry group, but the implications at a single cell 
level remain to be elucidated
76
.  In addition to chemical patterning, groups have studied the 
effect of topographical cues on stem cell fate, which is described in Section 2.5.2.    
 
2.3.2 Neural Differentiation 
2.3.2.1 Motivation 
One of the target diseases for stem cell therapy are neurodegenerative diseases, an umbrella 
term that encompasses both acute and chronic conditions where neurons and/or glial cells in 
the nervous systems are lost
77
.   Spinal cord injury and ischemic stroke are examples of acute 
cases of neurodegerative disease that result in the loss of many types of neurons and glial 
cells within a restricted area in a short period of time.   Parkinson disease and amyotrophic 
lateral sclerosis are examples of chronic cases, where specific populations of neural cells are 
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lost progressively over several years.  In both the acute and chronic cases, the lost cells need 
to be replaced, either by implantation or by endogenous neurogenesis.  Unfortunately, 
neurons generally do not proliferate, and the few endogenous neural stem cells are restricted 
to specific regions of the central nervous system.  As such, stem cell therapy is a promising 
alternative.  Using hPSCs, it would be possible to generate an unlimited number of the 
required neural cell for implantation.  However, efficient differentiation of hPSCs to specific 
neural cell types, and graft survival and integration remain as obstacles.   In the following 
section, the current progress to differentiate hPSCs into specific neural cells in a cost-
effective, safe and efficient method is discussed.   
 
2.3.2.2 Current Achievements & Limitations 
The three main methodologies to differentiate hPSCs into the neural lineage in vitro are via an 
embryoid body formation step followed by stage specific cues or co-culture with astrocytes, 
co-culture with stromal cells, or inhibition of mesodermal and endodermal 
differentiation
8,10,11,78–80
.  Using a variation of the first method, Cho et al. were able to 
generate 86% of dopaminergic neurons from hESCs
9
 and Hu et al. and Karumbayaram et al.  
were able to generate 50% of spinal cord motor neurons from hPSCs
10,81
.  Using the second 
method, Perrier et al. were able to generate 79% of dopaminergic neurons from hESCs
80
.  
However, both of these methods required at least 40 days to achieve the mature neurons, and 
of those 40+ days, 14 – 28 days were necessary to specify hESC into neural progenitor cells 
(NPs)
9,10,80,81
.   Alternatively, using dual SMAD inhibitors, Chambers et al. were able to 
obtain NPs within 11 days, and achieve a threefold increase in the number of NPs within 13 
days, as compared to co-culture with stromal cells
11
.  Additionally, they were able to generate 
both dopaminergic and motor neurons from hPSCs using additional stage specific cues within 
19 days, unfortunately, the efficiency was not determined
11
.  The protocols and findings are 
summarized in Table 2-1.  These studies demonstrate that a desired neural cell type can be 
generated with good efficiency.  However, advancements can be made to improve the 
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efficiency, shorten the differentiation periods, decrease the labor intensity, and reduce the 
amount of expensive growth factors required.    
 











19 – 40% 
 





2.3.3 Methods to Track Differentiation  
The differentiation of hPSCs to a terminally differentiated cell type is generally accomplished 
through multiple stages that mimic the in vivo specification process.  Thus, it is important to 
be able to identify what types of cells are currently within the culture, both to ensure that the 
cells are proceeding down the correct pathway, and to optimize the differentiation protocol.  
This can be done by studying the morphology, enzymatic activity particular to a cell type, or 
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the expression of cell-specific genes and proteins
3,38
.  In the following sub-section, markers to 
track neural differentiation will be discussed.   
 
2.3.3.1 Markers of Neural Differentiation 
Each intermediate cell type of neural differentiation can be tracked by protein expression – 
both intracellular and surface – as well as by gene expression.   Typically, the cell types 
tracked are neural stem cell (NSC), neural progenitor cell (NP), early glial cell, immature 
neuron, mature neurons, oligodendrocytes, and astrocytes.  Table 2-2 lists and shows various 
markers that are associated with each stage.    
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Table 2-2 Markers of neural cells: Various markers identifying cells of the neural lineage.  
Information and images adapted from various publications as indicated.  
Cell Type  Markers  Typical Stains  




































































































2.4 Flow Cytometry 
2.4.1 Definition, Uses & Limitations 
Flow cytometry is a process that measures physical and chemical characteristics of biological 
cells flowing through the instrument in a fluid stream
22
.  These measurements are made by 
detectors that measure the amount of light scattered and fluorescence emitted when one or 
more beams of laser light strike the cell as it passes (Figure 2-4).  Using the concept of light 
scattering, rough measurements are made for the cell size and granularity by looking at the 
amount of light scattered at small angles (0.5-5°) and at large angles (15-150°), respectively.   
Similarly, chemical characteristics of the cells, such as marker expression, are measured by 
detecting the amount of fluorescence emitted.  It is possible to measure multiple 
characteristics simultaneously if the appropriate sets of fluorochromes and/or dyes, lasers and 
optical filters are available.  As such, flow cytometry can be used for the detection of a rare 
subpopulation
87–89
, identification of transient cell types during differentiation
43,90
, and 
assessment of cell-specific marker expression
43
.  With hPSCs, the flow cytometer is most 
often used to confirm the expression of pluripotent markers and to track differentiation.   
 
 
Figure 2-4 Principle behind flow cytometry: A beam of light strikes the cell and scatters.  
The scattered light is captured by surrounding detectors and the amount of scattered light 
captured provides a rough measurement of specific physical and chemical properties of the 





2.4.2 Methods of Analysis 
Flow cytometry is a versatile tool that can be used to distinguish and separate different cell 
populations within a culture.  This can be done by multiple parameters – cell size, cell 
granularity, marker expression or dye exclusion.   As such, the analysis methodology will 
vary with the parameter used and user preference.   The following sections will describe 
different flow cytometry analysis methodologies. 
 
2.4.2.1 Gating with Histograms 
When separating a population based on a single parameter, the data will be analyzed within a 
histogram.  From the histogram, the populations can be defined using one of two types of 
gates – a bulk population gate or multiple gates based on expression levels (Figure 2-5).  A 
bulk population gate is created to determine the percentage of cells expressing a marker.  This 
gate is created based either on a negative control (Figure 2-5Ai)
91,92
 or on distinct 
subpopulations within the sample(Figure 2-5Aii)
26,92
.  A gate created based on the negative 
control is created by assuming that only a small percentage (1% or less) of the negative 
control would have any outlying positive cells, which are the result of nonspecific staining 
and background noise.   This gate is then applied to the sample to give a percentage of cells 
expressing the marker (%Pos).  The second type of bulk population gating relies on having 
distinct subpopulations (i.e.  2 or more peaks on the histogram) or a wide spanning population 
that can be segregated
26,91
.  When distinct subpopulations are present, a gate will be created to 
specifically enclose only the desired population, again giving a percentage of cells expressing 
a certain level of the marker
91
.  When the marker expression is a continuum within the sample 
population, it is possible to segregate the sample into multiple compartments (Figure 2-5B, 
Section 4.5); for example, high-expressing, low-expressing, and negative compartments can 
be generated to give you a percentage of cells in each comparement
26




        
Figure 2-5 Different histogram gate types: From a histogram, populations can be separated 
using A) a bulk population gate or B) multiple gates based on expression levels.  The bulk 
population gate can be created based on Ai) the negative control having a small percentage of 
positively expressing cells or Aii) distinct subpopulations present.  Adapted from Lee et al., 





2.4.2.2 Gating with Dot Plots 
When separating populations using two parameters concurrently, analysis is generally done 
using a dot or scatter plot.  Using the dot plot, it is possible to isolate populations based on the 
desired concurrent expression levels of two markers
91,92
, e.g. double positive, 
positive/negative, double negative, high/low, etc. or based on dye exclusion and cell size
44
.  A 
gate can be created on a negative control or by seeing a distinct cluster or streak of cells on 
the dot plot (Figure 2-6).   
 
  
Figure 2-6 Gating with dot plots: Populations can be separated using two parameters 
concurrently by using gates within a dot plot.  These gates can be created based on A) a 
control population or B) a subpopulation clustered tightly together. Adapted from Lee et al. 







2.4.2.3 Multi-parameter/Sequential gating 
When separating a population based on more than two parameters, a sequential gating 
procedure is required.   This is done by creating a gated population based on one or two 
parameters, then taking that gated population and further gating it based on another one or 
two parameters (Figure 2-7)
92
.   By sequentially gating the population, it is possible to isolate 
very rare subpopulations or populations that fall under very strict guidelines.   
 
 
Figure 2-7 Sequential gating scheme: Long-term hematopoietic stem cells (LT-HSC), short-
term HSC (ST-HSC) and multipotent progenitors (MPP) can be separated by a sequential 
gating scheme.  i) First the side population (SP) is gated using Hoechst Red and Hoechst Blue 
(blue gate) or the non-SP is gated (red gate), then ii) the lineage-negative (Lin-) cells (i.e. 
negative for a cocktail of lineage specific antibodies) are gated off, then iii) the c-Kit and Sca-
1 double positive population (c-Kit+/Sca-1+) is gated off, and finally iv) gates are created 
using CD34 and Flk-2 expression to separate the LT-HSC (SP/Lin-/c-Kit+/Sca-1+/Flk-2-
/CD34-), ST-HSC (non-SP/Lin-/c-Kit+/Sca-1+/Flk-2-/CD34+), and MPP (non-SP/Lin-/c-





2.4.2.4 Median fluorescence intensity (MFI) 
In addition to isolating subpopulations within a sample, flow cytometry can be used to 
determine the expression levels of a particular marker.  This is done by correlating the 
fluorescence intensity to the expression levels of a marker.   The variable used can be the 
median or mean fluorescence intensity, and the error associated with it can be based on the 
coefficient of variation (spread of fluorescence intensity).  When normalized against a 
negative control, this can be another term used for comparison of flow cytometry data.  






2.5 Surface Topography 
2.5.1 Introduction 
Topography is defined as three dimensional surface features.  These features can be fabricated 
(e.g. polymer fibers) or they can be natural (deposition of extracellular matrix in vitro or 
basement membranes in vivo).  Natural topography is a complex mixture of nanometer-sized 
pores, ridges, and fibers; an example of natural topography is shown in Figure 2-8.  The 
topography of the corneal epithelial basement membrane of a Macaque monkey consists of a 
tightly cross-linked network of fibers (average diameter of 77nm) with interspersed pores 
(average pore size of 72nm)
94
.  Scientists have not yet been able to fully replicate these 
topographies in vitro, but simple versions of these topographies have been replicated on 
surfaces or been recreated as a scaffold.  These fabricated topographies are generally 
classified by geometry and include isotropic structures (needles, pillars, islands, wells, pits), 
anisotropic structures (lines, gratings), and complex structures (hierarchical, mesh)
95
.  These 
topographies can be fabricated in micro- and nano-size ranges in a variety of materials using 
several different methods.  The fabrication method used is dependent on the material used, the 
feature size and the equipment available.  These fabrication methods are described in detail in 
several reviews
96–99
 and summarized in Table IA and IB by Teo et al
95
.  Using these 
fabricated topographies, researchers have studied the interaction between cell and substrate 
and the effects of the interactions
97,100–104
.   
 
 
Figure 2-8 Natural topography: The corneal epithelial basement membrane of a Macaque 
monkey consists of a tightly cross-linked network of fibers with interspersed pores. Adapted 






2.5.2 Stem Cells and Topography for Differentiation or Maintenance 
In the past decade, researchers have explored the effect of topography on stem cell fate.  One 
of the first reports by Silva et al. demonstrated that combining a topographical cue, nanofibers 
with diameters of 5 – 8nm, and a biochemical cue, neurite-promoting laminin epitope IKVAV 
at high density, could induce neuronal differentiation from neural progenitor cells and inhibit 
astrocytic differentiation
105
.  This work has since been built upon by many groups 
demonstrating that the topographical cue alone is able to induce differentiation at a similar 
level to a biochemical cue
106,107
.  Yim and co-workers demonstrated that gratings can induce 
neuronal differentiation of human mesenchymal stem cells, where the expression of MAP2 
increased as the width of the gratings decreased from 10µm to 300nm (Figure 2-9A)
107
.  They 
also found that nano-gratings alone induced a similar level of neuronal differentiation as 
retinoic acid, and that combining the two would increase MAP2 expression further (Figure 
2-9B), a result similar to Silva et al
105,107
.   Similarly, Dalby and co-workers showed that 
disordered nanopits could induce osteogenic differentiation of human mesenchymal stem 
cells and cause an equivalent amount of bone mineral deposits as osteogenic media
106
.   The 
nanopits were 120nm in diameter, 100nm deep, and arranged in a displaced square grid with 
spacing of 300 ± 50nm between each nanopit.   However, later they found that if the nanopits 
remained in a perfect square grid, the topography would not only support mesenchymal stem 
cell growth, but also multipotency, which is often lost after prolonged culture
108
.  Interestingly, 
200nm diameter pillars have also been shown to increase adhesion and proliferation of 
mesenchymal stem cells, though whether pillars also support the maintenance of multipotency 
is unknown
109,110





Figure 2-9 Gratings induce neuronal differentiation of human mesenchymal stem cells: 
A) Neuronal marker, MAP2, gene expression increases as grating width decreases from 10µm 
to 300nm, indicating higher induction of neuronal differentiation of human mesenchymal 
stem cells.  B) Nano-gratings (300nm width) are able to induce an equal amount of neuronal 
differentiation as 30µM of retinoic acid (RA), and together nano-gratings and 30µM of RA 
are able to induce a greater amount of neuronal differentiation.  * p < 0.01 and ** p < 0.001, 
two-tailed t-test.  The expression of MAP2 was first normalized with the expression of β-actin 
(the endogenous control), then normalized to the MAP2 expression of the unpatterned human 




 In addition to using the appropriate topography for maintenance or differentiation, 
researchers have also shown that the dimensions of the topography impact the results
111–113
.  
Christopherson et al. demonstrated the importance of nanofiber diameter in neural stem cell 
maintenance and differentiation
112
.  They found that the proliferation of neural stem cells 
increased as the diameter of the fibers decreased to 283nm.  When the cells were exposed to 
fetal bovine serum and retinoic acid, the 283nm nanofibers resulted in a 40% increase in 
oligodendrocytes as compared to a tissue culture polystyrene control.  Interestingly, the 
increase of the fiber diameter to 749nm resulted in preferential differentiation to neurons and 
resulted in a 20% increase in neurons as compared to a tissue culture polystyrene control 
(Figure 2-10).  The effect of pillar height or well depth on osteogenic differentiation of 
mesenchymal stem cells has also been studied with contrasting results
111,113
.  Sjöström et al. 
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demonstrated that osteogenic differentiation was only induced when the nanometer pillars 
were 15nm in height
111
.  In contrast, Zouani et al. demonstrated that differentiation of the 
mesenchymal stem cells occurred when 8µm pits had a depth of 100nm, but not when the 
depth was 10nm
113
.  These studies give evidence of the importance of topographical cues in 
stem cell maintenance and differentiation.   They also showcase the need for further studies to 
elucidate the effect of various aspects of topography on stem cell fate.   
 
 
Figure 2-10 Fiber diameter affects lineage specification: Rat neural stem cells cultured on 
tissue culture polystyrene (TCPS), 283nm poly(ethersulfone) fibers or 749nm 
poly(ethersulfone) fibers in the presence of 1µM retinoic acid and 1% fetal bovine serum for 
5 days remained as neural stem/progenitor cells (Nestin) or differentiated into neurons (Tuj-1), 
oligodendrocytes (RIP), or astrocytes (GFAP).  Interestingly, 283nm fibers preferentially 
differentiated cells into oligodendrocytes, whereas 749nm fibers preferentially differentiated 





2.5.2.1 Embryonic Stem Cells (ESCs) and Topography in Differentiation 
Studies of the topographical effect on ESC fate have only been conducted in the last few 
years, and the majority of these studies focused on mouse ESCs, or ESC-derived cells.  Two 
of the first studies published utilized electrospun nanofibers  to differentiate hESC or mouse 
ESC into the neural lineage
18,114
.  Carlberg et al. differentiated hESCs into dopaminergic 
neurons in 47 days using a polyurethane randomly-aligned nanofiber scaffold, with a 
thickness of 150µm and average fiber diameter of 360nm, in differentiation media
18
.  Without 
the fibrous scaffold, the hESCs predominantly differentiated into GFAP-expressing glial cells.  
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Similarly, Xie et al. utilized polycaprolactone nanofibers with an average diameter of 250nm 
in differentiation medium to improve neural differentiation of mouse ESC-derived embryoid 
bodies
114
.  They found that the use of fibers would result in a greater percentage of 
oligodendrocytes (O4-positive) and neurons (TUJ1-positive) as compared to standard culture 
systems.  Xie and colleagues then went a step further and compared the neural differentiation 
effect of aligned to random nanofibers and found that when the nanofibers were not aligned, 
there were a higher percentage of glial cells (GFAP-positive).  Smith et al. found that fibrous 
scaffolds could also be utilized for osteogenic differentiation of mouse ESCs
115
.   
 
In addition to fibrous scaffolds, the surface roughness and gratings could be used to induce 
differentiation
116,117
.  Bakeine et al. found that mouse ESC-derived neural progenitor cells 
were induced to differentiate into neurons (72% TUJ1-positive) without additional 
neurotrophic factors by changing the surface roughness to 21nm
116
.  They were able to further 
improve the differentiation by using the 21nm surface roughness on 8µm wide gratings with 
1µm depth and 9µm spacing rather than just a planar surface.  Using the BioSurface Structure 
Arrays with 504 distinct topographical surfaces, Markert et al. were also able to show that 
grating-like structures increased differentiation of mouse ESCs even in the presence of the 
maintenance factor, leukemia inhibitory factor
117
.  They also found that pillars would support 
the proliferation and maintenance of mouse ESCs even in the absence of leukemia inhibitory 
factor, and that proliferation increased with decreasing pillar diameter, increasing pillar height 
and increasing pillar to pillar spacing.   
 
In a study similar to Yim et al. in 2007, Lee et al. were able to differentiate hESC into 
neurons on 350nm gratings in 5 days with serum but without additional neurotrophic factors
19
.  
This study was the first to demonstrate a topographical effect on hESC without additional 
differentiation cues; however, the efficiency was not quantified.  Building on the work of 
Carlberg et al., Shahbazi et al. and Mahairaki et al. utilized electrospun nanofibrillar surfaces 
to differentiate hESC into neurons
20,21
.  Shahbazi et al. utilized a nanofibrillar surface with a 
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mean fiber diameter of 400nm to generate 51% of motor neurons (HB9- and ISL1-positive) 
from hESC, as compared to the 15% generated standard tissue culture dishes (Figure 2-11A)
21
.  
Mahairaki et al. studied the effect of aligned versus random nanofibers (mean diameter of 
250nm) and microfibers (mean diameter of 1µm) on the differentiation of hESC-derived 
neural progenitor cells into neurons
20
.   They found that on the aligned fibers, the cells 
acquired a polarized morphology and extended processes along the axis, as compared to the 
nonpolarized neurite networks on the random fibers.   They also found that the percentage of 
neurons (TUJ1-positive) generated on the aligned micro- and nanofibers (62% and 86%, 
respectively) were significantly greater than on the random micro- and nanofibers (32% and 
27%, respectively) (Figure 2-11B).   These studies demonstrate how topographies can be used 
to control hESC fate, in addition to other stem cells.  However, additional work needs to be 
done to be able to fully utilize topographies with hESC for regenerative medicine.   
 
 
Figure 2-11 Topography improves hESC differentiation: A) A nanofibrillar surface with a 
mean fiber diameter of 400nm (+Nano) improves the generation of hESC-derived motor 
neurons (HB9+/ISL+) by 36% as compared to a standard tissue culture dish (-Nano).  It also 
improves neuronal differentiation as a whole (TUJ1 and MAP2).  C indicates p < 0.001, 
Student’s t-test.  B) Aligned nanofibers (ALN nano) and aligned microfibers (ALN micro) 
generated a significantly greater percentage of TUJ1-positive neurons as compared to 
unpatterned tissue culture polystyrene (TCPS), random nanofibers (RN nano) and random 
microfibers (RN micro).  * indicates p < 0.05, ANOVA test.  Adapted from Shahbazi et al., 







2.5.3 Mechanotransduction: Topography to Cell Behavior Change 
This section briefly describes a proposed mechanism that translates topographical cues into 
changes in the cell orientation, shape, polarity, functional state, and fate.  There are several 
postulated theories to describe how cellular responses and functions are elicited by changes in 
the mechanical environment
118–122
; however, all of these theories share the common paradigm 
that a continuous physical connection between the extracellular matrix and the nucleus is the 
key mechanism that translates topographical cues into changes in gene regulation.  The 
extracellular matrix is bound by the transmembrane integrins of the cell.   The intracellular 
domain of the integrins is bound to the focal adhesion complexes, which in turn is linked to 
the cytoskeleton.  The cytoskeleton then transmits the signal to the nuclear membrane, where 
transcription is modified (Figure 2-12)
123–127
.  Through this physical pathway, topography is 
able to induce changes in cellular behavior and gene expression
106,107,128
.    
 
 
Figure 2-12 Mechanical signaling pathway from the extracellular matrix to the nucleus: 
The extracellular matrix is connected to the cell via clusters of transmembrane integrins, 
which are connected to the cytoskeleton via focal adhesions.  The cytoskeleton in turn is 
attached to the nuclear membrane. Thus a signal is transduced from the external environment. 






In addition to the physical connection, studies have indicated that actomyosin contractility is 
another key signal transducer, leading to focal adhesion formation, maturation and signal 
pathway activation
69,73,126,129
.  It has also been postulated that topography-induced activation 
of intracellular signaling pathways occurs via integrin signaling (Figure 2-13)
72,73,123,130,131
.  In 
particular, the activation of Rho GTPases, c-Jun N-terminal kinases, and extracellular  signal-
regulated kinases  have been implicated in topography induced stem cell fate changes
72,73
.   
 
 
Figure 2-13 Biochemical signaling pathway from the extracellular matrix to the nucleus: 
The extracellular matrix is connected to the cell via clusters of transmembrane integrins.  
Once bound, kinase signaling cascades are initiated and result in changes in gene transcription 






Chapter 3:  Materials & Methods 
3.1 Pluripotent Stem Cell (PSC) Culture 
The human embryonic stem cell (hESC) line, HES-3, was obtained from ES Cell International 
(http://www.escellinternational.com).  The cells were cultured at 37ºC/5% CO2 on tissue 
culture polystyrene dishes, coated with 283.3 µg/ml of Matrigel (BD Biosciences, 
Cat#354234).  Media was refreshed daily with hESC maintenance media (KO-medium) 
conditioned by mitomycin-C inactivated immortalized mouse embryonic fibroblasts (2.5 x 
10
5
 cells/ml) (CM) and supplemented with 10 ng/ml of fibroblast growth factor (FGF)-2 
(Invitrogen, Cat#PHG0261), as previously described
132
.  Mechanical passaging was done 
every 7 days using the STEMPRO EZPassage Tool (Invitrogen, Cat#23181).  HES-3 cells 
were also adapted to be cultured in an additional four culture systems.  The first culture 
system was on dishes coated with 42.5 µg/ml of Matrigel and passaged enzymatically as 
single cells with TrypLE™ Express (Invitrogen, Cat#12604-021).    The second and third 
culture systems were with the StemPro hESC serum-free media (Invitrogen, Cat#A1000701) 
supplemented with 8 ng/ml of FGF-2 and 0.1mM of 2-mercaptoethanol (Invitrogen, 
Cat#21985-023) on hESC-qualified Matrigel-coated dishes (101.4 µg/ml , BD Biosciences, 
Cat#354277) or human plasma fibronectin-coated dishes (385 µg/ml, Sigma, Cat#F2006), 
which were enzymatically passaged as single cells with Accutase (Invitrogen, Cat#A11105), 
as previously described
133
.  The fourth culture system was the mTeSR1 media system (Stem 
Cell Technologies) on hESC-qualified Matrigel-coated dishes, which were passaged 
enzymatically as clusters with dispase, as previously described
133,134
.  This fourth culture 
system was also used for the culture of hESC line, H7, obtained from the WiCell Research 
Institute (http://www.wicell.org/).   
 
Induced pluripotent stem cells derived from lung fibroblasts (iPS-IMR90), were obtained 
from James Thomson
4
.  iPSCs were cultured on hESC-qualified Matrigel-coated dishes in 
CM supplemented with 100 ng/ml of FGF-2, as previously described
91




HES-3 cells were also cultured on laminin-1-coated (10 µg/ml, Sigma, Cat#L2020) MARC 
chips for 10 days in unconditioned and unsupplemented KO-medium.   
 
3.2 Differentiation Protocols 
3.2.1 Hepatic Differentiation 
HES-3 cultured in CM were differentiated into hepatocyte-like cells in a 4-step process, as 
described previously
38
.  Briefly, hESC colonies were cut into uniform sized pieces using the 
EZPassage Tool and seeded onto hESC-qualified Matrigel-coated 12 well plates.  After 24 h, 
the media was changed to the hepatocyte basal differentiation medium, supplemented with 
fetal bovine serum, 2-mercaptoethanol and a cytokine cocktail, as described in Figure 3-1A.  
The media was half-exchanged every other day within each stage, and fully-exchanged at the 
beginning of each new stage.   
 
3.2.2 Chondrogenic Differentiation 
HESCs adapted to the mTeSR1 system were differentiated into chondrocytes, as described 
previously
47
.  Briefly, hESC colonies were cut into uniform sized pieces using the EZPassage 
Tool and seeded onto hESC-qualified Matrigel-coated 12 well plates.  After 24 h, the media 
was changed to the serum-free chondrogenic medium.  The media was exchanged every two 
days, as described in Figure 3-1B.   
 
3.2.3 Neural Differentiation 
HESCs cultured in CM underwent neurogenic differentiation in a 3-step process, as described 
previously
3
.  Briefly, hESC colonies were cut into uniform sized pieces using the EZPassage 
Tool and cultured as embryoid bodies for 4 days in unconditioned and unsupplemented KO-
medium on non-adherent suspension culture dishes.  After 4 days, the embryoid bodies were 
plated onto laminin-1-coated plates, in N2B27 media supplemented with 500 ng/ml of Noggin.   
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The media was exchanged every other day.   After 10 days, compact clusters had formed and 
were cut manually using a pipette.  These clusters were cultured as neurospheres in non-
adherent suspension culture dishes in N2B27 media supplemented with 20ng/ml of epidermal 
growth factor (EGF, Peprotech, Cat#090705) and 20ng/ml of FGF-2.  The media was 
exchanged every 3-4 days.   A schematic of this protocol can be seen in Figure 3-1C.   
 
3.2.4 Neural Differentiation with Topography 
hPSC differentiation on topography followed a 4-step process modified from the neural 
differentiation protocol described in Section 3.2.3, which was either half-adherent (Figure 
3-1Di) or fully-adherent (Figure 3-1Dii).  Briefly, hPSC colonies were cut into uniform sized 
pieces using the EZPassage Tool and seeded onto Matrigel-coated (283 µg/ml) patterned or 
unpatterned TCPS samples and cultured in maintenance conditions (Section 3.1) for 7 days 
(Stage 1).  In the half-adherent protocol, cells were scraped off samples and cultured as 
embryoid bodies for 4 days in unconditioned and unsupplemented KO-medium on non-
adherent suspension culture dishes (Stage 2).  In the fully-adherent protocol, cells on the 
samples were cultured in unconditioned and unsupplemented KO-medium for 4 days (Stage 
2).  After 4 days, the embryoid bodies or the colonies on the samples were plated onto 
laminin-1-coated patterned or unpatterned TCPS samples in N2B27 medium supplemented 
with 500 ng/ml of Noggin (Stage 3).   The media was exchanged every other day.   After 10 
days, compact clusters had formed and were cut manually using a pipette in the half-adherent 
protocol.  These clusters were cultured as neurospheres in non-adherent suspension culture 
dishes in N2B27 media supplemented with 20ng/ml of EGF and 20ng/ml of FGF-2 (Stage 4).  
In the fully-adherent protocol, cells on the samples were cultured in N2B27 media 
supplemented with 20ng/ml of EGF and 20ng/ml of FGF-2 (Stage 4).  In both protocols, the 






Figure 3-1 Schematic of differentiation protocols: Schematic diagrams of hPSC 
differentiation to A) hepatocytes, B) chondrocytes, C) neural progenitors, and D) neural 
progenitors using topography.  
 
 
3.3 Flow Cytometry 
Cells were harvested as a single cell suspension using TrypLE™ Express and washed in 1% 
BSA/PBS before incubation with the primary antibody for 30 minutes at 4°C.  The cells were 
then washed with and resuspended in cold 1% BSA/PBS, and incubated with the secondary 
antibody for 20 minutes at 4°C.   When applicable, cells were then washed with and 
resuspended in cold 1% BSA/PBS, and incubated with the APC-conjugated primary 
antibodies for 30 minutes at 4°C.  A final wash with cold 1% BSA/PBS was performed before 
data acquisition using BD CellQuest Pro on the BD FACSCalibur flow cytometer (BD 
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Biosciences) or using Guava Express Pro on the Guava easyCyte 8HT System (Millipore).  
Data was analyzed using FlowJo (v7.6.3, Tree Star Inc.). 
 
A list of primary and secondary antibodies can be found in Table B-1.  As a negative control, 
cells were only stained with the appropriate secondary antibody.   
 
Flow cytometry data is presented in one of three methods (Figure 3-2).  The first method 
presents data as a percentage of positively-expressing cells (%Pos), as described in Section 
2.4.2.1, where the gate was determined by a 1% positive population in the negative control 
(Figure 3-2A).  The second method presents data as the median fluorescence intensity (MFI), 
normalized to the MFI of the negative control (Figure 3-2B).  This method is further 
developed in Chapter 4
93
.  The third method presents data as percentages of cells within a 
range of fixed fluorescence intensities.  The range of intensities is determined by creating 5 
equal partitions of the logarithmic scale, resulting in percentages of non-, low-, mid-, or high-
expressing cells (Figure 3-2C).  This method is further developed in Section 4.5. 
 
 
Figure 3-2 Schematic of flow cytometry analysis methodologies: Flow cytometry data was 
analyzed and presented as A) a percentage of positively-expressing cells (%Pos), as 
determined by a 1% positive population in the negative control, B) a normalized median 
fluorescence intensity (nMFI), or C) a percentage of non-, low-, mid-, or high-expressing cells, 
as determined by equal partitioning of the logarithmic scale.  
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3.4 Fabrication of topography 
All topographies were reproduced on poly(dimethylsiloxane) (PDMS) using soft lithography 
on the Multi Architectural Chip (MARC Chip)
135
 or an imprinted poly(methyl methacrylate) 
(PMMA)-coated Si master mold, as previously described
135,136
.  Briefly, the MARC Chip and 
PMMA master molds were fluorinated with trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane 
(Sigma, Cat# 44893), washed with 0.01% Triton X-100 and cleaned with nitrogen gas, prior 
to soft lithography.  The PMMA master mold was placed on the bottom of a small-size weight 
boat and 5 g of degassed PDMS (Dow Corning, SYLGARD® 184 Elastomer Kit) was poured 
onto the wafer.  The PDMS was prepared at a ratio of 9:1 of the base and curing agent.  The 
PDMS-covered mold was degassed for an additional 30 minutes, baked at 70°C overnight, 
cooled to room temperature and then separated from the master mold.  The pre-patterned 
PDMS molds were used to fabricate patterned tissue-culture polystyrene (TCPS) by heat 
embossing.   Pieces of TCPS were embossed at ~0.3 – 0.5 MPa and 175°C for 90 seconds.   
Patterned TCPS samples were then plasma oxidized (Triple P, Duratek, Inc.) using a 110W, 
2.45 GHz radio frequency discharge applied to an oxygen gas pressure of 2.7x10
-1
 Torr for 1 
minute, UV sterilized in a biological safety cabinet for 1 hour, and coated with the appropriate 
extracellular matrix.   A list of topographies used in this study can be found in Table 5-1.   
 
 
Figure 3-3 Schematic of topography fabrication: A) Schematic of optimized soft 
lithography to generate a PDMS master from a PMMA-coated silicon master mould.  B) 
Schematic of optimized heat embossing protocol used to generate patterned TCPS samples.   
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3.5 Surface Characterization  
To confirm the fidelity of pattern replication, scanning electron microscopy (SEM) (Section 
3.5.1) and atomic force microscopy (AFM) (Section 3.5.2) was conducted on patterned TCPS 
samples.   
 
3.5.1 Scanning Electron Microscopy (SEM)  
To confirm the fidelity of pattern replication and to observe cell morphology on topography, 
SEM was performed.  Uncoated patterned TCPS samples were sputter-coated (JEOL Ltd., 
JFC-1600 auto fine coater) with 10nm coating of gold and viewed with a JEOL high vacuum 
SEM (JEOL Ltd., JSM_6010LV) at 10kV.  Samples with extracellular matrices or cells were 
fixed for 1 hour in 4% paraformaldehyde and 1% glutaraldehyde (Sigma, Cat#G5882) in 
0.1M sodium cacodylate (Sigma, Cat#C0250) and 3mM CaCl2 buffer, rinsed 3 times for 5 
minutes with buffer and washed twice for 5 minutes with deionized water.  The samples were 
then dehydrated in a graded ethanol series and critical point-dried in a graded series of 
ethanol-hexamethyldisilazane (Sigma, Cat#440191) mixtures.  Critical point-dried samples 
were then sputter-coated with 10nm coating of platinum and viewed with a JEOL high 
vacuum SEM at 10kV.  All steps were performed at room temperature.   
 
3.5.2 Atomic Force Microscopy (AFM) 
To confirm that the patterns were not masked by the extracellular matrices, wet AFM was 
performed in contact mode using the Nanoscope IV multimode AFM with a picoforce scanner 
(Digital Instruments Inc., http://www.di.com) with a silicon nitride probe (Bruker AXS, 
Cat#DNP-S20) or in tapping mode using the Dimension Icon AFM with ScanAsyst (Bruker 
AXS, http://www.bruker-axs.com) with the super sharp improved super cone tip (Team 





Cells were fixed with 4% paraformaldehyde in phosphate buffered saline (PBS) (Affymetrix, 
Cat#19943) for 20 minutes at room temperature, and then washed twice with PBS for 5 
minutes.   Samples were then permeabilized and blocked with 0.1% Triton X-100 and 10% 
normal goat serum (Dako, Cat# X0907) in PBS for 45 minutes at room temperature.   After 
blocking, samples were incubated with primary antibodies in a 10x dilution of blocking buffer 
overnight at 4°C.  The primary antibody was removed and samples were washed three times 
in 1% bovine serum albumin (BSA)/PBS for 5 minutes each, before incubation with the 
appropriate secondary antibody diluted in 1% BSA/PBS for 1 hour in the dark at room 
temperature.   Secondary antibody was removed and samples were washed three times in 1% 
BSA/PBS for 5 minutes each, before being mounted on cover slips with Vectashield 
mounting medium with DAPI (Vector Laboratories, Cat# H-1200).  Cells were imaged using 
the Leica TCS SP5 confocal microscope (Leica Microsystems) or the Olympus FluoView 
FV1000 confocal microscope (Olympus). 
 
A list of primary and secondary antibodies can be found in Table B-2.   
 
3.7 RNA Extraction and Reverse Transcription – Quantitative Polymerase 
Chain Reaction (qRT-PCR) 
RNA samples were extracted from cells using the QIAGEN RNAeasy kit following the 
manufacturer’s instructions.   Reverse transcription into cDNA was performed using the 
Maxima® First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Scientific, Cat# K1642) 
according to the manufacturer’s instructions.  Quantitative PCR was then performed using the 
TaqMan® Gene Expression Assays (listed in Table B-3) and run using the 7500 Fast Real-
Time PCR System (Applied Biosystems).  Reactions were performed using the recommended 
‘Fast’ protocol: hold at 50°C for 2 minutes, hold at 95°C for 20 seconds, followed by 40 
cycles of 95°C for 3 seconds and 60°C for 30 seconds.  
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3.8 Statistical Analysis 
Data values are reported as mean ± standard deviation unless otherwise indicated.  Data was 
transformed, evaluated and plotted into graphs using Microsoft Office Excel 2007 software.  
Statistical significance between experimental and control conditions was determined using 
students t-tests.  P values < 0.05 were considered to represent statistically significant 




Chapter 4:  Alternative Flow Cytometry Analysis Methodologies: 





For the derivatives of hESCs to be used for cellular therapies, it is crucial to be able to 
identify and characterize the sub-populations and progenies of hESCs before, during and after 
differentiation.  As detailed in Section 2.4, flow cytometry is a simple, sensitive and well-
established method that can be used to assess the purity and state of the starting population, 
track the differentiation progress and measure the differentiation efficiency by monitoring the 
changes in the cell population’s expression of various cell type-specific surface, intracellular 
and/or nuclear markers
43,88–90
.  Unfortunately, the conventional method of analysis utilizes a 
bulk percentage gate, which has two major limitations – the loss of resolution and 
vulnerability to skewing (Section 2.4.2.1).  In this thesis, we developed two alternative 
methods which utilize the median fluorescence intensity
93
 or fixed fluorescence intensity 
gates to overcome some of the limitations of the bulk gating strategy.  The increased 
robustness (Section 4.3) and accuracy (Section 4.4) with the normalized median fluorescent 
intensity to evaluate the state of a hESC population (Section 4.4.1), to track hESC 
differentiation (Section 4.4.2), and to compare two differentiation runs (Section 4.4.3) will be 
detailed in the following sections.  The use of fixed fluorescence intensity gates to more 
accurately track hESC differentiation when the population of cells has heterogeneous marker 
expressions (Section 4.5) will then be detailed.  
 
                                                          
 
1
 Portions of this chapter are published in Ref. 93 [Chan, L. Y., Yim, E. & Choo, A. 
Normalized Median Fluorescence: An Alternative Flow Cytometry Analysis Method for 
Tracking Human Embryonic Stem Cell States During Differentiation. Tissue Engineering. 
Part C, Methods (2012). doi:10.1089/ten.TEC.2012.0150] 
42 
 
4.2 Analysis Methodologies: 1% Gating Strategy (%Pos) vs.  Normalized 
Median Fluorescence Intensity (nMFI) vs. Fixed Fluorescence Intensity 
Gates 
The 1% gating strategy, or a variation of it, is one of the most common methods of analyzing 
flow cytometry data.  This analysis is done by creating a gate on the negative control so that 
only 1% of the population is considered to positively-express the marker, and then applying 
this gate to all the stained samples of the same cell type (Figure 4-1).  The resulting 
percentage of positively-expressing cells for the stained sample is the reported value, 
termed %Pos.  We have found, however, that the reporting term, %Pos, is highly susceptible 
to skewing by outliers in the negative control, and is unable to account for shifts in the 
fluorescent intensity of the cell population within the gated area (typically 3 logs) – this may 
result in misinterpretation of the data.  
 
Our alternative analysis method utilizing the MFI aims to resolve those two limitations 
of %Pos.  We take the MFI of the stained sample and normalize it to the MFI of the negative 
control (Equation 4-1 and Figure 4-1).  The resulting value is the normalized MFI (nMFI).  
The nMFI accounts for shifts in the fluorescent intensity of the entire population, partially 
accounts for the shifts in the population’s fluorescent intensity range, and will not be skewed 
by outliers within the population.  The following sections clearly demonstrate the increased 
sensitivity of using the nMFI as the reporting term as compared to %Pos. 
 
Our second analysis method utilizes fixed fluorescence intensity gates to observe the changes 
in sub-populations of cells, as demarcated by different levels of marker expression.   In this 
method, we partition the logarithmic scale into 5 equal partitions to divide a population into 
non-, low-, mid-, high-, and max-expressing cells (Figure 4-1).  Using these fixed 
fluorescence intensity gates, the shifts in marker expression can be accurately tracked by 
following the changes in sub-population percentages.  In Section 4.5, we demonstrate the 
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comparable accuracy of tracking hESC differentiation using the percentage of mid- and high-
expressing cells as compared to the nMFI.  
 
 
Figure 4-1 Schematic of flow cytometry analysis methodologies: After collecting 10 000 
events using the BD FACSCalibur, the data was gated for the ‘live’ population in the forward 
(FSC) and side scatter (SSC) plot (i).  This gated population is used for all subsequent 
analysis.  A) A second gate is applied to the negative control such that approximately 1% of 
the fluorescent events (FL1-H) are considered positive (ii).   This new gate is applied to the 
corresponding samples to retrieve the %Pos term (iii).  B) The median fluorescence intensity 
(MFI) of the sample is normalized to the MFI of the negative control to obtain the normalized 
MFI (nMFI) term.  C) The fluorescence intensities are divided into 5 equal partitions on the 




      
         
           
 
 
4.3 Increased Robustness: Outliers Do Not Alter the nMFI 
As previously mentioned, one of the main limitations of %Pos is its vulnerability to outliers in 
the negative control.   To evaluate the susceptibility of nMFI to outliers as compared to %Pos, 
hESC were differentiated into the 3 germ lineages – hepatocytes, chondrocytes or neurons.  
The pluripotent (Figure 4-2A, Supplementary Figure A-1) and lineage-specific (Figure 4-2B, 
Supplementary Figure A-1) markers expression were evaluated at multiple time points.    
During these differentiation runs, there were two examples of %Pos being highly skewed by 
outliers.  On day 3 of chondrogenic differentiation (Figure 4-2A, black circle) and on day 14 
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of neurogenic differentiation (Figure 4-2B, black circle) the %Pos of Tra-1-60 and PSA-
NCAM, respectively, were artificially lower than the bracketing time points.   This was due to 
an unusually large number of positive outliers in the negative control that shifted the 1%-gate 
to the right by at least 0.5 logs (Figure 4-2C, shaded area).  This small shift resulted in 
misleadingly low percentages of positively-expressing cells (Figure 4-2 & Supplementary 
Figure A-1 to A-5).  These outliers, however, did not cause a similar dip in the nMFI.   An 
additional example of how the nMFI does not indicate false changes can be seen in the 
tracking of Tra-1-60 expression during hepatic differentiation between day 0 and day 6 in 
Figure 4-2A.  The %Pos indicated that there was a sudden drop in positively-expressing cells 
at day 4; however, based on nMFI (Figure 4-2A) and the histograms (Supplementary Figure 
A-5), the population of cells did not demonstrate such a drastic shift from day 0 to day 4 to 
day 6.  Hence, we conclude that the nMFI is a more reliable reporting term because it has 





Figure 4-2 Change in pluripotent and differentiation markers during hepatic, 
chondrogenic and neurogenic differentiation: Graphical representations of the changes in 
expression of A) Tra-1-60 and B) a differentiation specific marker during hepatic (PEPCK, 
blue diamond ), chondrogenic (SOX9, green circle ) and neurogenic (PSA-NCAM, 
orange square ) differentiation, as tracked by nMFI (solid) and %Pos (dashed).  Key points 
where the %Pos has been skewed due to excessive number of positive outliers is circled in 
black.  C) Histograms of the negative controls when %Pos was skewed due to outliers.  





4.4 Increased Accuracy 
4.4.1 nMFI is a better indicator of the starting hESC state 
Figure 4-3 displays the histograms of the two pluripotent markers, mAb 84 (an antibody 
against PODXL
45
) and anti-Tra-1-60, for three biological replicates of HES-3 cells.  As 
indicated by the changes in fluorescence intensity, there was a high variability in marker 
expression; however, because all of the shifts in fluorescence intensity occur within the 1%-
gate, the variability was not accounted for in %Pos, which remains above 90% (Figure 4-3, 
panel i and iii).   This loss of information by %Pos can lead to the inaccurate conclusion that 
two different populations were similar.  For example, it could be concluded that Sample #1 
and Sample #2 were equally pluripotent because  96.3% and 96.6%, respectively, of the 
population stained positive with mAb 84 (Figure 4-3, panel i).  However, when the 
histograms were compared, Sample #1 clearly had a higher expression of PODXL, as 
indicated by the rightward shift in the histogram and the nMFI (73.06 and 23.12 for Sample 
#1 and Sample #2, respectively, panel ii).  The information lost with %Pos could also indicate 
that two populations were different, when they were quite similar.  This was demonstrated by 
comparing the expression of Tra-1-60 in Sample #1 and Sample #3 in Figure 4-3 (panels iii 
and iv).   The %Pos was 93.4% and 96.0% for Sample #1 and Sample #3, respectively, which 
would indicate that Sample #3 was more pluripotent; however, when comparing the 
histograms and the nMFI (59.44 and 59.18 for Sample #1 and Sample #3, respectively), we 
could see that the expression of Tra-1-60, relative to the negative control was similar.  Thus, 
when determining the state of hESC culture by flow cytometry, the nMFI provides a more 





Figure 4-3 Pluripotent marker expression varies in three starting HES-3 cultures: The 
pluripotent markers, mAb 84 and Tra-1-60, of the three biological replicates of hESC before 
differentiation show different levels of expression according to nMFI, but not by %Pos.   In 
each histogram, the negative control (dashed) is displayed with the stained sample (solid).  
Panel i and iii displays the 1%-gate and the %Pos for mAb 84 and Tra-1-60, respectively.  
Panel ii and iv display the corresponding nMFI in the top right corner with the median of the 
negative control and the stained sample in grey and black, respectively.  Interestingly, Sample 
#1 and Sample #2 have almost equal %Pos of mAb 84, but the histograms are clearly 
different, as also shown by the nMFI.  It is also interesting that the %Pos of Tra-1-60 of 
Sample #1 and Sample #3 are quite different, but the two samples are quite similar, as seen in 
the histogram and nMFI.   
 
 
4.4.2 nMFI is a more sensitive tracker of differentiation  
Based on the increased robustness and accuracy, we hypothesized that the nMFI would be a 
more sensitive tracker of hESC differentiation. We first established this by quantifying 
pluripotent marker expression of mAb 84 at 3 day intervals with flow cytometry during 
chondrogenic differentiation of HES-3 cells.  The differences between nMFI and %Pos as 
reporting terms can be seen in Figure 4-4A, based on the loss of PODXL expression as 
chondrogenic differentiation progresses.   Although both nMFI and %Pos demonstrated a loss 
of marker expression, the initial point of decrease and the rate of change were different.  The 
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nMFI indicated a decrease in marker expression immediately, whereas the %Pos remained 
above 95% before indicating a significant drop in population expression at day 9 of 
differentiation. From the raw data, PODXL expression began decreasing by day 3, as 
indicated by the increasing quantity of differentiating cells (i.e. cells with lower PODXL 
expression) at each subsequent time point (Figure 4-4B, arrows) and the population’s 
increasing heterogeneity (i.e. the increased range of fluorescent intensities from 1.5 logs at 
day 0 to 2 logs at day 6).  This was reflected by the decreasing nMFI, but not %Pos, as these 
changes occurred predominantly within the fluorescent intensity range covered by the 1%-
gate (Figure 4-4B). This clearly demonstrates the increased sensitivity of nMFI to subtle but 
significant changes in a population’s marker expression during early differentiation as 
compared to %Pos and the ability of nMFI to capture the early commitment of the cells 
towards a particular cell fate.  
 
As the marker expression changes became more apparent, both nMFI and %Pos reflected the 
changes similarly.   The sharp decrease in both nMFI and %Pos between day 6 and day 9 
(Figure 4-4A) clearly indicated that a greater proportion of the population had differentiated 
and no longer expressed PODXL (Figure 4-4B).   Overall, nMFI was able to detect both 
subtle and large shifts in a heterogeneous population, thus providing a faster and more 
accurate indication of changes in pluripotent marker expression during hESC differentiation.  
 
Similarly, the nMFI was able to detect the upregulation of SSEA1, a marker of differentiation, 
during HES-3 chondrogenesis (Figure 4-4C, D).  While both nMFI and %Pos were able to 
track the upregulation on days 6, 9, and 12, we observed that the nMFI emphasized the 
relative upregulation more accurately.  On day 6, the upregulation (Figure 4-4D, black arrows) 
of SSEA1 was relatively subtle, as demonstrated by the small increase in both nMFI 
and %Pos.  By day 9 and day 12, however, the upregulation of SSEA1 was much faster and a 
greater percentage of cells were fluorescing at a higher intensity (Figure 4d, black arrows).  
While both nMFI and %Pos were able to capture the upregulation of SSEA1, the nMFI better 
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represented the large change in marker expression between days 9 and 12; therefore, the 





Figure 4-4 Comparison of nMFI and %Pos tracking pluripotent and differentiation 
marker expressions during chondrogenic differentiation of HES-3 cells and neurogenic 
differentiation of H7 cells: As hESC were differentiated into the chondrogenic or neurogenic 
lineages, A,B) mAb 84 C,D,G,H) SSEA1 and E,F) SSEA4 expression changes were tracked 
by flow cytometry.  Graphical representation of A) mAb 84, C, G) SSEA1, and E) SSEA1 
expression as tracked by nMFI (solid) and %Pos (dashed).  The nMFI was able to track subtle 
expression changes including the early downregulation of mAb 84 and the upregulation of 
SSEA1 during chondrogenic differentiation of HES-3 cells, and the consistent 
downregulation of SSEA4 and the late downregulation of SSEA1 during neurogenic 
differentiation of H7 cells.  These changes can be seen in the histograms depicting B) mAb 84, 
D, H) SSEA1, and F) SSEA4 expression at each subsequent time point (negative control – 
dashed, antibody-stained sample – solid).  The first column displays how the data was 
analyzed by the percentage gating strategy – the %Pos is indicated above each gate.   The 
second column displays the shifting median of the mAb 84-stained sample (black line), and 
the range of medians of the negative control (tinted grey box) – the nMFI is indicated at the 
top right corner of each histogram.  The arrows indicate a specific fluorescence intensity and 








We then investigated the accuracy of nMFI as compared to %Pos during HES-3 cells 
differentiation into the three germ layers using a variety of positive and negative markers of 
differentiation. The nMFI was consistently more sensitive to subtle and earlier changes.   We 
tracked the changes in expression of mAb 84, Tra-1-60, SSEA1, and a lineage-specific 
marker during neurogenic, chondrogenic and hepatic differentiation.  The changes based on 
nMFI and %Pos are illustrated in Figure 4-2 and Supplementary Figure A-1Figure A-5.  
 
While both nMFI and %Pos were able to track the overall trend of increasing or decreasing 
marker expression, there were clear instances where nMFI proved to be more sensitive. In all 
three lineage differentiations, the change in Tra-1-60 expression was better tracked with nMFI.  
At the start of differentiation, Tra-1-60 expression slowly decreased (Supplementary Figure 
A-2, A-3, A-5), which was captured by the nMFI, but decrease in %Pos was only observed 
much later in differentiation.   This was evident between day 0 and day 4 during hepatic 
differentiation (nMFI: 14.09 to 5.92, %Pos: 89.2% to 81.2%), between day 0 and day 6 during 
chondrogenic differentiation (nMFI: 40.65 to 19.46, %Pos: 95.6% to 94%), and between day 
4 and day 10 during neurogenic differentiation (nMFI: 90.50 to 8.68; %Pos: 95.8% to 82.0%) 
(Figure 4-2A).  A clear shift in the cell population to those with lower marker expression was 
evident from the histograms (Supplementary Figure A-2, A-3, A-5) but this shift was only 
distinct with nMFI.   This disconnection between %Pos and marker expression was also 
evident at the end of differentiation when examining Sox9 and PSA-NCAM, for 
chondrogenic and neurogenic differentiation, respectively.   When examining Sox9 
expression at days 6, 9, and 12 during chondrogenic differentiation (Figure 4-2B), the %Pos 
indicated that the Sox9-positive population was decreasing; however, the nMFI (Figure 4-2B) 
and the histogram (Supplementary Figure A-2) indicate that the population of cells was 
actually expressing higher levels of Sox9 at each subsequent time point.  A similar event 
occurs during neurogenic differentiation – the cells began to express higher levels of PSA-
NCAM at Days 14, 17, and 21 (Supplementary Figure A-3), but only the nMFI indicated the 




We then investigated whether the nMFI would continue to be a more sensitive tracker 
than %Pos when the H7 hESC line underwent neurogenic differentiation.  We found that it 
continued to be a more sensitive tracker for pluripotent marker, SSEA4, and lineage-specific 
markers, SSEA1, FORSE-1, and CD133/2 (Figure 4-2E-H, Supplementary Figure A-1C, 
Figure A-4).  The nMFI, unlike %Pos, was able to detect the consistent downregulation of 
SSEA4 as differentiation progressed (Figure 4-2E, F).  This can be seen by the growing 
population of cells expressing a lower level of SSEA4 at each time point, as indicated by the 
lower fluorescence intensity (Figure 4-2F, arrows).   Similarly, the nMFI, unlike %Pos, was 
able to detect that the beginning of SSEA1 downregulation after day 10 (Figure 4-2G), as 
shown by the decreasing cell population at the higher fluorescence intensities (Figure 4-2H, 
arrows).   We also observed that the nMFI was not skewed by outliers during the detection of 
CD133/2 (Supplementary Figure A-1C, Figure A-4).  From this data, we are confident that 
the nMFI is a robust and accurate analysis methodology between hESC cell lines.  
 
4.4.3 nMFI better measure for comparing differentiation runs 
In addition to being able to more accurately track differentiation, nMFI is also a better term to 
compare the progress of independent differentiation runs.  Figure 4-5A focuses on the 
expression changes of PODXL using mAb 84, during two independent neurogenic 
differentiation experiments.   Based on %Pos (dashed), the two differentiation runs appeared 
to be proceeding at the same rate; however, upon closer examination of the histograms 
(Figure 4-5B), we could see that the differentiation progressed at different rates, with run #1 
progressing more steadily and run #2 abruptly changing between day 10 and day 14. As 
illustrated in Figure 4-5A, these differences were better accounted for by the nMFI than by 
the %Pos, with the most significant changes between day 10, day 14 and day 17.  In run #1 
(Figure 4-5B, top row), the expression of PODXL in the population slowly decreased from 
2000 to 200 fluorescence units at day 10 to 8-60 fluorescence units at day 17; with day 14 
being a transitional stage where the population was very heterogeneous (8-2000 fluorescence 
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units), with a bias towards higher expressing cells (200-2000 fluorescence units).  In run #2, 
however, the expression of PODXL in the population was downregulated more rapidly 
between day 10 and day 14, with further decreases to day 21.  The heterogeneous population 
seen at day 14 in run #1, but not in run #2, indicates that PODXL expression decreased more 
quickly in run #2; suggesting that differentiation progressed more rapidly run #2.  These 
differences were more clearly reflected by the nMFI than the %Pos.   The %Pos for both runs 
began to drop steadily only after day 10, with run #2 progressing slightly faster after that.   
The nMFI, however, illustrated the faster differentiation rate of run #2 and the clear shift in 
the cell population between day 10 and day 14 (drop in nMFI from 80 to <10) followed by a 
steady shift to day 21.  The nMFI was also able to show the subtle differences (day 10) and 
similarities (day 17 and day 21) between the two runs more clearly.  At day 10, the majority 
of the population in run #1 expressed the mAb 84 marker less than the population of run #2 as 
seen in the histogram and the nMFI (36.14 versus 82.68), but not by the %Pos (97.2% versus 
98.7%) (Figure 4-5A, arrow).  At day 17 and day 21, however, the two populations were very 
similar, as shown by the histograms and the nMFI (2.99 versus 2.81 at day 17, 1.69 versus 
1.75 at day 21), but %Pos only showed partial similarity (55.0% versus 41.0% at day 17, 18.9% 
versus 23.0% at day 21) (Figure 4-5A, bracket). As such, a comparison of two differentiation 





Figure 4-5 Comparison of nMFI and %Pos tracking mAb 84 expression during two runs 
of neurogenic differentiation: As hESC were differentiated into neuroprogenitor cells, mAb 
84 expression change was tracked by flow cytometry.  The differences between the two 
differentiation runs are clearly visible, but the differences are only noted by the nMFI and not 
by %Pos.  A) Graphical representation of mAb 84 expression as tracked by nMFI (solid) 
and %Pos (dashed) for the first run (black square) and the second run (grey triangle).  The 
distinct differences between the nMFI and the similarity of the %Pos at day 10 are marked by 
the arrow.  The bracket marks two time points that show %Pos being different but the nMFI 
being the same – the similarity is also noted in the histograms in B.   B) Histograms showing 
the negative control (dashed) and the mAb 84-stained sample (solid) at each subsequent time 
point with the first run in the first row and the second run in the second row.  
 
 
4.5 Fixed Fluorescence Intensity Gating 
We have demonstrated that the nMFI is able to accurately track the changes in marker 
expression of a bulk population; however, we have observed that during the early stages of 
differentiation, the marker expression is a continuum across a large range of fluorescence 
intensities.   This is an indication that the population is heterogeneous and contains many sub-
populations.  We objectively divided our sample population into 5 compartments (non-, low-, 
mid-, high-, and max-expressing) by dividing the logarithmic fluorescence intensity into equal 
partitions.  Using these partitions, we observed that the negative control was predominantly 
within the non-expressing group and wholly within the non- and low-expressing groups 
(Figure 4-6A, Panel iii), whereas the sample population shifted into and out of the mid- and 
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high-expressing population as differentiation progressed (Figure 4-6A, Panel iii).   When 
compared to the nMFI and %Pos, we observed that, like the nMFI, percentage of mid- and 
high-expressers was able to detect both the upregulation of SSEA1 and the beginning of 
downregulation after day 10 (Figure 4-6B).   This demonstrated that the percentage of mid- 
and high-expressers was as sensitive and as accurate as the nMFI, and superior to %Pos for 





Figure 4-6 Fixed fluorescent intensity gates are as accurate at the nMFI for tracking 
hESC differentiation: As H7 cells were differentiated into the neurogenic lineage, SSEA1 
expression changes were tracked by flow cytometry.  The changes in expression were tracked 
by %Pos (i), nMFI (ii), and % of Mid- and High-Expressers (iii) as shown A) in the 
histograms and B) graphically.  As can be seen, SSEA1 expression change is more accurately 
captured by both the % Mid- and High-Expressers and the nMFI, which are able to detect the 





By tracking changes in marker expression during chondrogenic, neurogenic and hepatocyte 
lineages, we have shown that flow cytometry analysis using the MFI is a more sensitive and 
reliable method as compared to the conventional percentage gating strategy.  The reporting 
term, nMFI, uses a single point of reference to summarize the data, and thus is more sensitive 
to changes in marker expression within the population.  This sensitivity is lost in %Pos 
because it accounts for the number of events within a range of fluorescence intensities, and 
thus is unable to accurately capture subtle differences within the range.  The nMFI also 
proves to be more reliable than %Pos because it is less vulnerable to skewing by outliers both 
within the negative control and the sample.   These outliers often result in %Pos indicating a 
change when none has occurred or a false drop in expression due to a highly right-shifted gate.   
 
With markers that demarcate distinct subpopulations (e.g. contains both high and low 
populations or expressing and non-expressing), this method must be modified.  While the 
nMFI is still able to track the shift of cells from the expressing population to the non-
expressing population, individual gates over each subpopulation is a more effective gauge.  
Once the subpopulations are gated, the nMFI of each population can be calculated.  Another 
alternative is to utilize fixed fluorescence intensity values to set the starting and ending points 
of the individual subpopulation gates, as we did in Section 4.5.  We demonstrated that 
dividing the fluorescence intensity logarithmic scale into 5 equal partitions and then tracking 
the percentage of mid- and high-expressing population was as accurate as the nMFI in 
following marker expression change during hESC differentiation.  As this second 
methodology focuses only on a subset of a population rather than the full population, we 
speculate that it would be a more appropriate analysis methodology to detect the subtle 
increase or decrease of cells within a sub-population.  Particularly since this analysis method 
makes it possible to exclude the transitioning sub-population (i.e. low-expressing group) 
which contains cells that are upregulating and downregulating the marker of interest as they 
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enter or leave that specific sub-population.   Moreover, the use of fixed fluorescence intensity 
gates limits the effect of outliers in the negative control or sample population, as both the low-
expressing and max-expressing groups can be excluded; thus making this analysis 
methodology more precise than %Pos. 
 
hESC cultures are heterogeneous, containing both cells that have begun differentiation along 
various paths, as well as those that are in different sub-states of pluripotency
23,24,29,56,137
.   As 
such, the pluripotent state of hESCs is often verified at the beginning of a differentiation 
experiment by determining the expression of pluripotent markers, such as Tra-1-60, Oct-4, 
PODXL, or SSEA3/4.  A general standard requires that >90% of the hESC culture must 
express the pluripotent markers.  However, as we have shown (Figure 4-3), %Pos is not the 
most accurate method for judging a starting population.  Rather, we demonstrate that the 
nMFI analysis is a better indicator of the hESC starting population, and potentially also of the 
cell state and substate of our culture.   Niwa et al. and Rodriguez et al. have both indicated 
that small fluctuations in the expression of the transcription factor Oct-4 (POU5F1) will result 




, respectively.  In mice, the 
repression of Oct-4 expression resulted in the loss of pluripotency and the dedifferentiation 
into the trophectoderm lineage, whereas the over-expression of Oct-4 resulted in the 
differentiation to primitive mesoderm and endoderm.  In humans, the repression of Oct-4 
resulted in the upregulation of mesoderm and endoderm differentiation markers, whereas the 
over-expression of Oct4 resulted in the upregulation of endoderm derivative markers. Both of 
these studies focused primarily on the gene expression level and did not quantify the protein 
level.  This technique would therefore enable the quantitative determination of the Oct-4 
protein levels required for a cell to maintain pluripotency or to differentiate into a particular 
lineage.  Studies by Draper et al. and Tonge et al. have indicated that pluripotency proteins 
fluctuate within the heterogeneous stem cell population, but pluripotency is maintained as 
long as the expression remains above an unknown threshold
25,26,139
.  In the past several years, 
studies have demonstrated that subpopulations exist within the pluripotent state.  Laslett and 
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co-workers were the first to suggest that subpopulations exist within the hESC population and 
represent different states of lineage commitment by demonstrating the concurrent expression 
of genes associated with pluripotency and lineage transcription factors
56
.  The existence of 
subpopulations was evidenced by Hough et al., who isolated four subpopulations based on the 
expression levels of surface markers GCTM2 and CD9 and demonstrated that each 
subpopulation has a unique gene expression profile of pluripotency and lineage-specific 
genes
24
.  Interestingly, these subpopulations were also able to recapitulate the full hESC 
population.  Tonge et al. recently demonstrated that subpopulations based on the expression 
level of SSEA3 (high, low and negative) were functionally different
26
.  After sorting, these 
subpopulations were able to generate both undifferentiated colonies in hESC maintenance 
conditions, and neural cells in neuralising media; however, each subpopulation responded to 
the differentiation cues differently and produced different types of cells along different 
timelines.  These two studies highlight that cells expressing different levels of protein may be 
genetically different and functionally different, and emphasize the potential importance of 
using the nMFI to more accurately determine the cell state.   Tonge et al. also concluded that 
there must be a ‘differentiation threshold’ that can be related back to SSEA3 expression; 
however the authors were unable to pinpoint where this threshold is.  We believe that our 
method will allow researchers to determine where this differentiation threshold is based on a 
combination of pluripotency markers such as Oct-4, SSEA3, or PODXL.  By elucidating the 
threshold and ranges of protein expression, one would be able to better judge the quality of a 
cell population before beginning differentiation, thus improving the efficacy of differentiation 
greatly.  Our method could also be applied to determining ranges of markers to identify a 
specific differentiated state. Thus, we could better judge the efficiency of a differentiation 
protocol by monitoring how adjustments can induce a specific differentiation stage to occur 





This work has shown the efficacy of analyzing flow cytometry data by the median 
fluorescence intensity, the utility of the nMFI as the reporting term, and the advantage of 
using fixed fluorescence intensity gates.   We have shown that the nMFI improves the ability 
to verify the quality of the starting cell population, to track differentiation for protocol 
optimization, and to compare cell populations, as compared to %Pos, the term derived from a 
bulk gating strategy.   The increased accuracy of the nMFI is due to its robustness against 
outliers and consideration of all points rather than amalgamating them together.  Thus, the use 
of the nMFI as a reporting term will provide a more precise analysis of flow cytometry data.  
We have also shown that analysis using fixed fluorescence intensity gates is more accurate 
than %Pos for tracking hESC differentiation, as it focuses on a limited range that can omit 




Chapter 5:  Topography Modulates hESC Fate2 
5.1 Introduction 
As described in Section 2.5.2 and Section 2.3.1.3, topography is able to play a role in 
directing stem cell fate, but the extent of this role remains unknown.  To further study the 
effect of topography on the differentiation of pluripotent stem cells, a reproducible and 
reliable method of generating and preparing the topography must be established and the 
ability of topography to modulate hPSC fate must be demonstrated.  This chapter 
characterizes the topographies that were utilized in this study (Section 5.2) and demonstrates 
that these topographies are not altered by any surface treatments (Section 5.2.2) and are able 
to modulate stem cell fate (Section 5.3.1).  This chapter also briefly explores the effect of 
soluble or extracellular matrix (ECM) biochemical cues on masking the topographical effect 
Section 5.3.2.  
 
5.2 Characterization of Topography 
There are three major concerns when working with topographies – fidelity, masking effects, 
and cell-topography interaction.  These issues are addressed in the following sections.   In 
Section 5.2.1, we verify that the topography is embossed reproducibly.   In Section 5.2.2, we 
verify that the ECM coatings do not distort, conceal or change the dimensions of the patterns.  
The final concern is addressed in Section 5.2.3, which focuses on observing the interaction of 
the cells with the topography.  
 
                                                          
 
2
 Portions of this chapter are published in Ref.  135 [Ankam, S., Suryana, M., Chan, L. Y., 
Moe, A. A. K., Teo, B. K. K., Sheetz, M., Low, H. Y., & Yim, E. K. F. Substrate Topography 
and Size Determines the Fate of Human Embryonic Stem Cells to Neuronal or Glial Lineage. 
Acta Biomater. 9, 4535-454 (2013).] and Ref. 156 [Chan, L. Y., Birch, W. R., Yim, E. K. F. 
& Choo, A. B. H. Temporal Application of Topography to Increase the Rate of Neural 




Through the course of this work, 8 topographies were heat embossed onto polystyrene (Table 
5-1).  The fidelity and reproducibility of the topographies onto polystyrene were verified 
using scanning electron microscopy (SEM) (Table 5-1).  Using SEM, the heat embossing 
protocol was optimized such that the topography was embossed onto the polystyrene with 
high fidelity each time the sample was created.  We found that a PDMS master mold could be 
used greater than 50 times to heat emboss a pattern onto polystyrene without compromising 
the fidelity of the pattern (Table 5-1, Topography #5, SEM Image 2).  The dimensions of the 
topographies used were also verified by SEM (Table 5-1) and atomic force microscopy 
(Figure 5-1).   
 
Table 5-1 Topographies used in this study 
 






Depth/Height was only verified for heat embossed 2µm Gratings (Figure 5-1).  All other 
listed dimensions were based on the original silicon master.  
  
 
   
  Height/Depth 
Diameter 
Period 














 SEM Images 
1 Pillar 2µm 7µm 1µm 
 
2 Well 2µm 7µm 1µm 
 
3 Grating 1µm 2µm 350nm 
 
 
4 Grating 250nm 500nm 250nm 
 




6 Grating 2µm 4µm 600nm 
 
7 Grating 10µm 20µm 10µm 
 





Figure 5-1 Verification of 2µm grating (Topography #5) dimensions by AFM before and 
after coating with Matrigel: A) In addition to verifying the feature size using SEM, the 
dimensions of the 2µm grating topography was verified using wet AFM with a high-aspect 
ratio tip. The dimensions were found to be approximately 2µm in width, 2µm in height, and 
4µm in period as shown in a cross-section measurement. B) After coating with 283 µg/ml of 
Matrigel, the fidelity of the 2µm grating topography was confirmed by AFM.  The 
dimensions remained approximately 2µm in width, 2µm in height and 4µm in period. AFM 





5.2.2 Topography with Extracellular Matrix (ECM) 
In preparation for cell culture, the embossed polystyrene was oxygen plasma treated and 
coated with an ECM protein – fibronectin, laminin, or Matrigel (see Section 3.4).  When 
coating the topographies with an ECM protein, it is important to ensure that the ECM does 
not alter the topography.   Previous studies have indicated that adsorbed fibronectin and 
laminin saturate at certain surface densities and result in a uniform layer with a thickness of 
less than 10nm
140–142
.  Compared to the scale of the topographies used in this study and 
assuming that a uniform layer is distributed evenly across the entire topography, the layer of 
adsorbed laminin or fibronectin will not obscure or distort the topography.  However, to 
confirm this, laminin-coated 2µm gratings were fixed, dehydrated and critical point dried for 
SEM and fibronectin-coated 2µm wells were scanned by wet atomic force microscopy (AFM).  
As seen in Figure 5-2, the topography was conserved and we did not observe laminin or 
fibronectin aggregates or bridges that would distort our topography.  
 
Figure 5-2 Fibronectin & laminin do not alter the topography: A) The adsorbed 
fibronectin protein layer does not alter the 2µm well topography as shown by wet AFM.  As 
shown by the measurements, the well diameter (red) remains approximately 2.5µm, and the 
depth (blue) remains approximately 430nm.  The difference in dimensions as compared to the 
predicted and to the SEM (Table 5-1) is due to the limitations of the AFM tip used. B) The 
adsorbed laminin protein layer does not alter the 2µm grating topography as shown by SEM. 
Uncoated samples (top), coated samples (bottom) were imaged using the picoforce scanner. 
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Matrigel, however, is a mixture of basement membranes extracted from Engelbroth-Holm-
Swarm mouse tumour cells.  It contains a mix of the basement membrane proteins laminin, 
collagen IV, entactin, and heparin sulfate proteoglycans, and small amounts of many growth 
factors, such as fibroblast growth factor 2 (FGF-2) and epidermal growth factor (EGF)
143,144
.  
As such, when a surface is coated with Matrigel, a thin layer of hydrogel comprised of 
multiple layers of adsorbed proteins is coated onto the surface.  The thickness of the Matrigel 
film has been measured to be 433nm when growth factor reduced Matrigel was coated on 
oxygen plasma treated polystyrene at a concentration of 0.067 mg/ml
144
.  As such, the coating 
of Matrigel we use may distort the topography by increasing/decreasing the depth or obscure 
it completely; therefore, the fidelity of our gratings coated with 283 µg/ml Matrigel was 
verified with AFM.  The profiles of both the uncoated (Figure 5-1A) and Matrigel-coated 
(Figure 5-1B) 2µm gratings were similar, indicating that the topography was neither 
concealed nor distorted by the Matrigel film.   
 
5.2.3 Topography with Cells 
Many groups have observed that topographies influence stem cell behavior and fate
97,106–
108,114,117,136,145,146







.  One key aspect that was 
influenced by topography was cell morphology.  Similar to previous observations of cell 
elongation on gratings, grooves and fibers
20,97,107,147
, we observed that hPSC colonies aligned 
to and elongated along the grating axis within 48 hours of culture on the gratings in 
maintenance conditions, unlike hPSCs cultured on unpatterned surfaces (Figure 5-3).  We 
also observed the interesting morphological differences of the colonies when cultured on 
different grating feature sizes and aspect ratios.  The colonies were more elongated and 
aligned on the gratings with a 1 : 1 aspect ratio (Figure 5-3D-F) as compared to the colonies 
on the low aspect ratio gratings (Figure 5-3B-C).  Furthermore, the colonies on the micro-
gratings with a 1 : 1 aspect ratio (Figure 5-3E-F) were more elongated as compared to the 
colonies on the nano-gratings with a 1 : 1 aspect ratio (Figure 5-3D).  These significant 
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morphological differences may be an indication of the influence of feature dimension on the 
topographical effect, which is further discussed in Section 6.4 .  
 
 
Figure 5-3 Gratings cause cell and colony elongation: hESC colonies seeded onto A) 
unpatterned tissue culture polystyrene, B) 2µm gratings (1 : 0.3), C) 10µm gratings (1 : 0.06), 
D) 250nm gratings (1 : 1), E) 2µm gratings (1 : 1), or F) 10µm gratings (1 : 1) for 55 hours 
before being stained with phalloidin (green) and DAPI (blue).  On gratings, cells and colonies 
acquired an aligned morphology, with greater elongation and alignment on microgratings 
with a 1 : 1 aspect ratio.  Gratings are aligned horizontally.  Aspect Ratio written as (width : 
depth).  Scale bar represents 200µm.  
 
The alignment and elongation of the individual cells along the grating axis was also observed 
at higher magnifications using SEM (Figure 5-4, right panels).  This is in contrast to hPSCs 
on the unpatterned surface, which exhibited a more random morphology (Figure 5-4, left 
panels).  We observed that filopodia extended in all directions on the unpatterned control 
surface, whereas the extension of filopodia was generally aligned with the grating axis on the 
2µm gratings.  Interestingly, the filopodia extended along, across and between the 2µm 





Figure 5-4 SEM of cells on gratings: A) hESC colonies on 2µm gratings demonstrate an 
elongated morphology.  B) The cells at the center and periphery of the hESC (top) and hiPSC 
(bottom) colonies are also elongated along the grating axis on the 2µm gratings (right) as 
compared to the randomly spread morphology on the unpatterned tissue culture polystyrene 
(left).  C) At higher magnifications, the elongation and alignment of the individual cells on 
the 2µm gratings (right) can be seen, as compared to the unpatterned control (left).  D) hPSCs 
extend their filopodia along, across and between 2µm gratings.  All images were taken after 




5.3 Topographical Modulation of hESC Fate 
After developing a more accurate method of tracking differentiation (Chapter 4) and 
characterizing the topographical surface (Section 5.2), we began to look at the effect of 
topography on hPSC fate.  At the beginning of this study, there were no publications studying 
the modulating effect of topography on hPSC fate; however, numerous publications had 
demonstrated that topographies were able to modulate the fate of adult stem cells
20,106–108
.   
Gerecht et al  had also shown that nano-gratings could cause hESC to elongate and decrease 
proliferation during culture
148
.  As such, we began our study by exploring the effect of pillars, 
wells, and gratings on hESC fate.  We did this by exploring whether the topographies could 
support hESC self-renewal in the absence of fibroblast growth factor-2 (FGF-2), a growth 
factor that has been shown to activate pathways crucial for hESC maintenance
91,149
.   This 
study yielded interesting observations about the effect of topography on hESC fate and 
suggested that pillars are able to support hESC self-renewal in the absence of FGF-2 (Section 
5.3.1).  Unfortunately, the culture conditions used contained many strong biochemical cues 
that partially masked the effect of topography (Section 5.3.2) and further work in this 
direction was not pursued.  In parallel to the aforementioned experiment, we simultaneously 
studied the ability of different topographies to support hESC self-renewal in the complete 
absence of supporting factors by using the Multi Architectural Chip (MARC chip) (Section 
5.3.1).  This work combined with supporting studies done by colleagues allowed us to refine 
our direction and focus our efforts on elucidating the effect of gratings on hESC neural 
differentiation (Chapter 6).   
 
5.3.1 Subtle Topographical Effects on hESC Fate 





of mesenchymal stem cells combined with the report that topographical cues affect hESCs
148
 
prompted our interest to determine whether we could find a topography that would 
successfully maintain pluripotency despite the loss of fibroblast growth factor-2 (FGF-2), a 
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growth factor essential for hESC pluripotency maintenance
91
.  Previous work by Ding et al. 
showed that the deprivation of FGF-2 from conditioned hESC maintenance media on 
Matrigel coated at a concentration of 283.3µg/ml, would result in the loss or partial loss of 
pluripotency markers in the hESCs
91
.  Building on this work, we chose three culture 
conditions (Table 5-2) which utilize media that are supplemented with FGF-2 and have been 
shown to support the maintenance of hESC
133
.  We cultured HES-3 cells in the culture 
conditions with or without supplemented FGF-2 for one week on commercial tissue culture 
polystyrene (TCPS), 2µm pillars, 2µm wells, 1µm gratings, or the unpatterned control (Table 
5-1).  The unpatterned control is a piece of tissue culture polystyrene that was heat embossed 
with a smooth unpatterned master mould, and plasma treated like the other topographies.   
After one week with or without FGF-2 on the various surfaces, the reactivity of the cells 
against 4 antibodies detecting undifferentiated hESC – mAb 5, mAb 84, mAb 85, and anti-
Tra-1-60 (Figure 2-3C) – was evaluated by flow cytometry.   
 















StemPro hESC serum-free 
medium 
Matrigel – 42.5µg/ml Accutase 
CM+MG 





Matrigel – 42.5µg/ml Accutase 
 
Using the normalized median fluorescence intensity analysis technique (Chapter 4), we 
looked for a consistent upregulation or downregulation of the expression of the four 
pluripotent markers when hESCs were deprived of FGF-2, as compared to normal culture.  
The results are presented in Supplementary Figure A-6 and summarized in Table 5-3.  The 
TCPS control and unpatterned control were the only two surfaces that demonstrated a 
consistent trend of marker expression changes across all the culture conditions; the 
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topographies demonstrated varied cell fate behavior between culture conditions.  Interestingly, 
the TCPS and unpatterned control exhibited opposing trends: cells on the TCPS control began 
to downregulate pluripotent marker expression when deprived of FGF-2; whereas cells on the 
unpatterned control began to upregulate pluripotent marker expression with the deprivation 
(Supplementary Figure A-6, Table 5-3).  We speculate that the surface chemistry of the 
unpatterned control with a fresh treatment with oxygen plasma may have changed the amount 
or conformation of proteins adsorbed onto the surface
141
, thereby promoting the basement 
membrane proteins’ signals for hESC self-renewal.  The surface chemistry may also change 
the distance between collagen anchoring points, thus changing the local stiffness sensed by 
the cell, and hence resulting in the opposing trends observed
65
.  A more detailed study of the 
pluripotent marker expression change among the topographies revealed that the ability of the 
topography to support maintenance may be linked to the culture conditions (Table 5-3).  
Generally, wells are not supportive of pluripotency, but when placed in the highly supportive 
culture environment containing StemPro hESC serum-free medium and Matrigel, the effect of 
the wells were masked.   In contrast, pillars were found to be highly supportive of hESC 
pluripotency, but when coated with fibronectin the topography was unable to provide the 
necessary cues to maintain pluripotency in the absence of FGF-2.   This is supportive of 
previous studies that indicate Matrigel is a more supportive matrix for pluripotency
150,151
, 
likely due to the additional growth factors and basement membrane proteins in Matrigel
144
.  
The gratings topography did not appear to direct hESC fate in any particular direction, 
changing trends depending on the culture conditions.  As previous literature has suggested 
that gratings or fibers provide a strong cue for differentiation
19,20,107
, we postulate that the lack 
of distinctive directional cue is due to the different feature dimensions of the gratings as 
compared to the pillars and wells, particularly the difference in depth (350nm versus 1µm, 
respectively) and the aspect ratio (1 : 0.35 versus 1 : 0.5).  However, these results indicated 
that topographies can play a large role on hESC fate, but that biochemical cues can affect the 
effect of the topographical cue, as discussed further in Section 5.3.2.     
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Table 5-3 Summary of expression changes with FGF-2 deprivation on 
topographies 
 SP+FN SP+MG CM+MG 
TCPS - - - 
Well - ? - 
Grating ? + - 
Pillar - + + 
Unpatterned + + + 
Legend:  
‘+’ – Consistent upregulation of pluripotent marker expression  
‘?’ – Inconsistent upregulation/downregulation of pluripotent marker expression 
‘-‘ – Consistent downregulation of pluripotent marker expression  
 
We then removed the conflicting biochemical cues from our system by utilizing 
unsupplemented and unconditioned hESC maintenance media and a laminin-coated substrate, 
which is unsupportive of hESC self-renewal
151
.  We chose to study whether multiple 
topographies of varying dimensions could support hESC self-renewal despite the 
unsupportive conditions by using the Multi Architectural Chip (MARC Chip), a chip with 
multiple topographies with lateral and depth dimensions in both the sub-micron and micron 
range (Supplementary Figure A-7)
135
.  After 10 days of culture on the laminin-coated MARC 
chip in unsupplemented and unconditioned hESC maintenance media, the cells were stained 
for OCT4.  We found that the 2µm grating topographies (Pattern 1, 3, 10, 11), 250nm pillars 
or gratings with 250nm heights (Pattern 12, 13), and microlens topographies (Pattern 14, 16, 
17) had less than 60% of OCT4
+
 cells (Figure 5-5).  This further supports our hypothesis that 
topographies play a role in hESC fate determination, but more focused and controlled 





Figure 5-5 Topographies had different modulating effects on hESC self-renewal: After 
10 days of culture on a laminin-coated MARC Chip in unsupplemented and unconditioned 
hESC maintenance media, the number of OCT4
+
 cells on each topography were quantified.  
The range of OCT4
+
 cells are shown by the blue line with the orange cross indicating the 
average.  The topographies resulting in less than 60% OCT4
+
 are indicated by arrows and 
colored by the topography type (red – 2µm gratings, blue – 250nm feature topographies, 
green – microlens).  
 
 
5.3.2 Biochemical Cues Partially Mask Subtle Topographical Effects  
When we attempted to tease out the subtle differences in topographical modulation of hESC 
fate with FGF-2 deprivation, we found that we were unable to obtain consistent results.   We 
believe that the cause of the inconsistency was likely due to cell adaptation to the culture.  
The primary basis of our experiment was the study by Ding et al, where the effects of FGF-2 
deprivation for 1 week caused noticeable changes in pluripotent marker expression
91
; 
however, FGF-2 deprivation did not produce the same consistent effect in our experiments.  
We believe that this is due to the additional changes we made in our culture conditions 
(Figure 5-6).  When we used the same culture conditions at Ding et al. we were able to 
recapitulate the trend they observed (Figure 5-6, Row #1), but this trend was lost within 1-4 
passages in the new culture conditions and the trend was lost more rapidly with each 
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condition change – lower concentration of Matrigel (Figure 5-6, Row #2); lower 
concentration of Matrigel and enzymatic single-cell passaging (Figure 5-6, Row #3); lower 
concentration of Matrigel, enzymatic single-cell passaging, and StemPro hESC serum-free 
medium (Figure 5-6, Row #4); and fibronectin, enzymatic single-cell passaging and StemPro 
hESC serum-free medium (Figure 5-6, Row #5).  We speculate that these adaptations to the 
new culture conditions, which support hESC self-renewal despite the withdrawal of FGF-2, 






Figure 5-6 Loss of FGF-2 dependency with culture adaptation: Each change in culture 
conditions resulted in the loss of FGF-2 dependence for hESC self-renewal, as demonstrated 
by the unchanging expression of pluripotency marker Tra-1-60 between cultures 
supplemented with FGF-2 (grey line & tint) and those deprived of FGF-2 (black line).  As 
more of the culture conditions were changed – decreased Matrigel concentration, enzymatic 
passaging, defined hESC media, and/or fibronectin as the extracellular matrix, hESCs were 






We have shown that our chosen topographies were reproduced with fidelity each time, and 
that the extracellular matrices used to coat the topographies did not alter the features (Figure 
5-1 & 5-2).   We have also shown that hPSCs were able to adhere to these coated 
topographies and respond to the topographical cues.  In the case of gratings, the hPSCs 
responded by elongating and spreading along the grating axis, with the extent of elongation 
and spreading increasing with aspect ratio and feature size (Figure 5-3).  The elongation and 
spreading morphology was not limited to the hPSC colony, but was also observed in 
individual cells (Figure 5-4).   Interestingly, we also observed the extension of filopodia along, 
across and in between 2µm gratings, which may be an indication of how hPSCs are able to 
sense the physical cues provided by their environment.  The integrin receptors within the 
filopodia may form temporary connections with the extracellular matrix to transduce signals 
back to the nucleus through signaling cascades or along the actin cytoskeleton
123
 to indicate 
the presence of an edge, a gap or the depth of a gap.  The size of the filopodia extension and 
the ease in which this filopodia was formed may also be fed back to the cell to induce specific 
signals to indicate the direction of cell spreading, and migration, or may even begin to direct 
cell fate.  The distance the filopodia can extend to ‘measure’ the depth or gaps of the grating 
may also impact the response of the hPSCs to the topographies.  Jontes et al. observed that in 
the primary motor neurons of zebrafish embryos (average cell body size of 10µm), the 
filopodia generally extended between 1.3 to 4.0µm (average of 2.7µm) with very few 
filopodia extending a maximum of 13µm
152
.  Similarly, hESC are on average 10µm in 
diameter, and assuming that the filopodia can exhibit a similar behavior, the hESC should be 
able to sense its surroundings with the filopodia as all features were 10µm or less; In 
particular, the 2µm gratings fit well within the average filopodia extension length, as such the 
contact guidance cues may have been quite strong.  In contrast, when the feature dimensions 
increase, the cells may not receive such strong guidance cues, as few filopodia extend that far 
to sense the surface topography.  When utilizing nano-scale features, a different sensing 
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mechanism may be used, where the filopodia can extend the length, but instead measure the 
extent of bending required to bridge the gap
153
.  Further work to observe the interaction of the 
cells with multiple gratings with varying dimensions at high magnifications and to observe 
the trends in the recruitment of focal adhesion proteins and actin could further help to 
elucidate the impact of feature sizes and the role of filopodia extensions in the topography-
sensing mechanism. 
 
We have also shown that topographical cues can modulate hESC fate in the absence of FGF-2, 
a growth factor thought to be crucial for hESC maintenance, and in the absence of all 
supporting factors on the MARC Chip.  We observed that 2µm wells were generally 
unsupportive of hESC pluripotency and that 2µm pillars were generally supportive of hESC 
pluripotency (Table 5-3).  Previous work with mesenchymal stem cells and mouse ESCs also 
demonstrated that pillars could be  a supportive topography
109,110,117
.  Markert  et al. had 
shown that mouse ESC proliferation and maintenance was supported by the pillar 
topographies even in the absence of leukemia inhibitory factor, a factor crucial for mouse 
ESC maintenance
117
.  Interestingly, we found that 1µm gratings did not provide a strong 
differentiating cue in the absence of FGF-2; however, in the absence of all supporting factors 
on the MARC Chip, topographies with 2µm gratings did induce differentiation.  We speculate 
that the difference in the observed trend of grating topographies may be due to the masking 
effect of the biochemical cues.   
 
We found that the hESC lost their dependency on FGF-2 when they were adapted to new 
culture conditions (Figure 5-6). We speculate that there could be three underlying causes for 
these changes.  First, as Matrigel is a highly variable mixture of growth factors and basement 
membrane proteins – these proteins individually may or may not be supportive of hESC 
pluripotency.   As such, when the Matrigel is diluted further or when fibronectin is used, there 
is a decrease or removal of signals directing the hESC to differentiate, thus hESC may not 
need the supportive signaling of FGF-2.   Second, the cells which are able to survive single-
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cell passaging to repopulate the culture are more robust and adaptable.  These surviving cells 
may be similar to the culture-adapted cells observed by Enver et al, which had an altered 
balance between self-renewal and differentiation
29
.  As such, the data suggests that these 
surviving cells are able to activate different signaling pathways to maintain pluripotency in 
the absence of FGF-2.  Finally, the StemPro hESC serum-free medium is a highly supportive 
optimized medium for the maintenance of hESC
154,155
, thus, the supportive FGF-2 signal may 
be redundant and other molecules are present to activate the necessary pathways to maintain 
pluripotency.  The StemPro medium was developed utilizing the key findings of Wang et al., 
which identified that insulin-like growth factor-1 receptor and ERBB2 receptor signaling is 
required for hESC self-renewal
155
.  As such the StemPro medium also includes LONG R3 
IGF1 and HRG, proteins that activate the insulin-like growth factor-1 receptor and ERBB2 




In this chapter, we validated the fidelity of our topographies after heat embossing, surface 
treatment, extracellular matrix coating, and the ability of our topographies support the 
attachment of cells.  In addition, we observed that the topographies were able to induce 
morphological changes of the hPSCs and modulate hPSC fate.  These modulations occurred 
despite the supportive culture environment which contained many alternative biochemical 
cues that were contrary to the topographical cues. In specific, we found that gratings were 
able to induce elongation and spreading of the hPSC and hPSC colony along the grating axis, 
and pillars appeared to support hESC pluripotency, whereas wells and gratings did not appear 
to support hESC pluripotency.    
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Chapter 6:  Temporal Application of 2µm Gratings Increase the Rate 




As detailed in Section 2.3.2, there have been multiple protocols developed for the generation 
of neurons, oligodendrocytes, and astrocytes, and these protocols often generate neural stem 
cell/neural progenitors (NSC/NPs)  in an intermediate stage
1–3,8,9,11
.  Recently, there have also 
been protocols developed that utilize topography to improve the neuronal yield (Section 
2.5.2.1).  These results have indicated that the use of nano- or micro-fibers increases the 
neuronal yield from hESC and that the yield can be further improved by utilizing aligned 
fibers
18,20,21
.  Furthermore, the use of nano-gratings can induce neuronal differentiation even 
in the absence of neurotrophic factors
19
.  However, the method in which the topographies 
improved neuronal yield remains unknown.  
 
In this chapter, we continued to explore the effect of topography on hESC differentiation by 
studying the effect of gratings on early differentiation of human pluripotent stem cell (hPSC) 
to NSC/NP
156
.  In particular, we focused on whether topography increased the rate of neural 
differentiation or preferentially differentiated the cells into the neural lineage, and explored 
the use of an additional pre-exposure or priming to topography to improve neural 
differentiation.  We chose to use gratings rather than fibers as our topography, because a 
precise feature size and orientation could be generated, unlike with fibers, by heat embossing.  
We found that culture of hPSCs on 2µm gratings increased the rate of neural differentiation as 
compared to an unpatterned surface (Section 6.2).  Additionally, we observed that the effect 
of topography may be additive and that an additional pre-exposure of hPSCs to topography 
improved neural differentiation (Section 6.3).  Finally, we explored the use of gratings with 
                                                          
 
3
 Portions of this chapter are published in Ref. 156 [Chan, L. Y., Birch, W. R., Yim, E. K. F. 
& Choo, A. B. H. Temporal Application of Topography to Increase the Rate of Neural 
Differentiation of Human Pluripotent Stem Cells.  Biomater. 34, 382-392 (2013).] 
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different dimensions and found that there were great morphological changes that may indicate 
the effect of topography dimensions on differentiation (Section 6.4).   
 
6.2 Increased hESC Neural Differentiation Rate with 2µm Gratings  
Our preliminary work demonstrated that topography was able to modulate hESC fate, but 
more directed cues were necessary as conflicting biochemical cues could mask the 
topographical effect (Section 5.3).  As such, we proceeded forward by exploring the effect of 
2µm gratings on hPSC neural differentiation.  We chose to focus on 2µm gratings based on 





 neurons from murine neural precursor cells
157
.  With our 
chosen topography, we modified the protocol developed by Wu et al. to incorporate 
topography at all stages of differentiation (fully-adherent) or only during the adherent stage (1 





Figure 6-1 Schematic of experimental set-up with topography: A) Schematic diagram of 
neural differentiation of hPSCs with topography utilizing a (i) half-adherent protocol or (ii) 
fully-adherent protocol. B) Flow cytometry analysis methodology utilizing equal logarithmic 
partitions.  The negative control lies wholly within the non- and low-expressing populations, 
and sample populations shift into or out of the mid- and high-expressing populations as 
differentiation progressed. C) Flow cytometry analysis methodology utilizing the median 
fluorescence intensities (MFI) to track expression changes in the bulk population.  Both flow 
cytometry analysis methods were developed in Chapter 4. 
 
 
Utilizing markers that have been previously shown to identify hPSCs (Tra-1-60), neural 
stem/progenitor cells (NSC/NPC) (CD-133/2, FORSE-1, SSEA1) and developing neurons 
(PSA-NCAM)
43
, we utilized flow cytometry to track the percentage of cells with mid- or 
high-expression (Figure 6-2B) as HES-3 cells were taken through both the fully- and half-
adherent neural differentiation protocols on a 2µm grating topography or an unpatterned 
control.  We found that topography enhanced neural differentiation regardless of whether the 
cells were on topography through all four stages of differentiation or only during Stages 1 and 
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3, as demonstrated by the increased neural marker expression in the 2µm grating group as 
compared to the unpatterned control (Figure 6-2).  The effect of the 2µm gratings, however, 
was more pronounced when cells were allowed to undergo Stage 2 in suspension as embryoid 
bodies.  As such, we proceeded to use the half-adherent protocol for the remainder of our 
work.   We conducted more in-depth studies to investigate the difference in neural 
differentiation when topography was used, comparing both surface protein and gene 




Figure 6-2 Topographical effect on hESC neural differentiation more pronounced using 
the half-adherent protocol: Expression of pluripotent marker (Tra-1-60), NSC/NP markers 
(CD133/2, FORSE-1, SSEA1) and early neuronal marker (PSA-NCAM) were tracked using 
flow cytometry and presented as a percentage of mid- and high-expressers.   The yield of 
neural cells is increased when HES-3 are cultured on 2µm gratings in both the half-adherent 
and fully-adherent protocols, but the increase is more pronounced in the half-adherent 
protocol. * indicates p<0.05 between unpatterned control and 2µm grating groups. 
 
 
6.2.1 Cells More Neural-Like After Initial Culture on 2µm Gratings (Stage 1 & 2) 
Utilizing the half-adherent protocol, we tracked the changes in gene and surface protein 
expression as HES-3 cells progressed through neural differentiation and compared the 
difference in expression between the cells cultured on 2µm gratings and the unpatterned 
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control at 5 time points.  We tracked transcript levels of pluripotent marker (OCT4), NSC/NP 
markers (PAX6, NES, and MSI1), and neuronal marker (NEFL) using RT-qPCR; and surface 
protein expression levels of pluripotent marker (Tra-1-60), NSC/NP markers (CD133/2, 
FORSE-1, and SSEA1) and early neuronal marker (PSA-NCAM) on the cell surface using 
flow cytometry.  We tracked the transcript levels through the average fold difference relative 
to the starting population (Day -7), and the surface protein levels through the percentage of 
mid- and high-expressers (Figure 6-1B). We observed that pluripotent markers were 
downregulated at the transcript and protein level, with Tra-1-60 further downregulated in cells 
cultured on 2µm gratings (71.1±2.6%) as compared to the unpatterned control (76.2±2.1%) 
(Figure 6-3A, B).  The NSC/NP and neuronal markers were more highly expressed in cells 
cultured on 2µm gratings during Stage1, as compared to the unpatterned control (Figure 6-3A, 
B).  The average fold change of NSC/NP transcripts, NES and MSI1, were 1.28±0.10 and 
1.75±0.08, respectively, in the 2µm grating group, which is greater than 0.78±0.05 and 
1.29±0.08, respectively, in the unpatterned control group (Figure 6-3A, B).  Similarly, the 
percentage of cells with mid- and high-expression of NSC/NP surface proteins, FORSE-1 and 
SSEA1, was greater in cells cultured on 2µm gratings (7.69±0.58%, 16.8±1.1%, respectively ), 
as compared to cells on the unpatterned control (3.86±0.32%, 10.4±1.3%, respectively) 
(Figure 6-3A, B).  The fold change of neuronal transcript, NEFL, and percentage of mid- and 
high-expressers of neuronal surface marker, PSA-NCAM, was higher in cells cultured on 
2µm gratings (1.18±0.03, 8.08±1.42%, respectively) as compared to the control group 
(0.50±0.08, 5.82±0.58%, respectively) (Figure 6-3A, B).   We also observed that 2µm 
gratings had a higher expression of Musashi-1 and possibly of PAX6 when the cells were 
stained for neural stem/progenitor cell markers, SOX9 & Musashi-1 and PAX6 & Nestin, 
after Stage 1 (Figure 6-3C, D).  These findings indicate that 2µm gratings induce a greater 
number of neural-like cells after an initial 7 days on topography in hESC maintenance 
conditions. This supports our hypothesis that an additional culture period on topography will 
improve neural differentiation; however, it remains unknown whether the 2µm gratings is 




Figure 6-3 hESCs express higher levels of NSC/NP markers after 7 days of culture on 
2µm gratings in hESC maintenance conditions: The A) transcript and B) surface protein 
levels for markers of hESCs, NSC/NPs, and immature neurons were tracked through Stage 1 
and 2 of differentiation using RT-qPCR and flow cytometry. hESC cultured on 2µm gratings 
(orange) in Stage 1 had a greater upregulation of neural markers and downregulation of 
pluripotent markers, as compared to the cells cultured on the unpatterned control (blue).  
hESC stained with DAPI (blue) and NSC/NP markers  C) SOX9 (green) and Musashi-1 (red) 
or D) PAX6 (green) and NESTIN (red) demonstrated that culture on 2µm gratings (right) 
induced a higher expression of Musashi-1 and PAX6 as compared to the unpatterned control 
(left).  * indicates p<0.05, *** indicates p<0.005 between unpatterned control and 2µm 
grating groups. Additional time points in Supplementary Figure A-9 
 
 
6.2.2 Cells Continue to Differentiate Faster After Additional 10-day Culture on 2µm 
Gratings (Stage 3 & 4) 
To determine whether the 2µm gratings increase the rate of differentiation or preferentially 
causing neural differentiation of hESC, we cultured the cells for an additional period on the 
2µm gratings (Stage 3).   We found that pluripotent markers continued to be downregulated at 
both the transcript and surface protein level through Stage 3 and Stage 4 (Figure 6-4A, B).  
More interestingly, NSC/NP markers continued to be more upregulated before being 
downregulated in Stage 3 (Supplementary Figure A-10), indicating that the cells were 
maturing past the NSC/NP state.   The cells cultured on the 2µm gratings progressed faster 
along the differentiation pathway as shown by the greater upregulation then the more rapid 
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downregulation of the NSC/NP markers (both transcript and protein) as compared to cells on 
the unpatterned control (Figure 6-4A, B).  This was further supported by the upregulation of 
early neuronal markers NEFL (transcript) and PSA-NCAM (protein) through Stages 3 and 4 
(Figure 6-4A, B).  We also observed that cells on 2µm gratings were aligned and appeared to 
express less NSC/NP markers, PAX6 and NESTIN (Figure 6-4C), as compared to the 
unpatterned control.  Cells on 2µm gratings also had a higher expression of immature 
neuronal marker, TUJ1, and a more neuronal morphology as compared to the cells on the 
unpatterned control (Figure 6-4D).  These results together indicate that while topography may 
preferentially differentiate hESC into the neural lineage, it also increases the rate of hESC 
differentiation into the neural lineage.   
 
 
Figure 6-4 hESCs mature more rapidly on 2µm gratings: The A) transcript and B) surface 
protein levels for markers of hESCs, NSC/NPs, and immature neurons were tracked through 
Stage 3 and 4 of differentiation by RT-qPCR and flow cytometry, respectively. hESC cultured 
on 2µm gratings (orange) in Stage 1 and 3 had a greater upregulation then downregulation of 
NSC/NP markers after progressing through that state earlier than hESC cultured on the 
unpatterned control (blue).  They also had a greater upregulation of neural markers and 
downregulation of pluripotent markers.  hESC stained with DAPI (blue) and C) NSC/NP 
markers PAX6 (green) and NESTIN (red) or D) immature neuronal marker TUJ1 (green) and 
GFAP (red) demonstrated that culture on 2µm gratings (right) had a higher expression of 
TUJ1 and a more neuronal morphology as compared to the unpatterned control (left). * 
indicates p<0.05, *** indicates p<0.005 between unpatterned control and 2µm grating groups.  
86 
 
6.2.3 Increased Neural Differentiation Rate using 2µm gratings for hPSCs 
We then went on to show that the increased rate of neural differentiation was not limited to 
the HES-3 hESC line by repeating this experiment with the additional hESC line, H7, and 
iPSC line, iPS-IMR90.  We observed a similar trend in marker expression change for both of 
these cell lines at the transcript and surface protein level (Figure 6-5).  Pluripotent markers 
were downregulated and early neuronal markers were upregulated through the entire 
differentiation process.  NSC/NP markers were upregulated for the initial stages of 
differentiation, before being downregulated as cells matured past the NSC/NP state.   The 
cells cultured on 2µm gratings progressed faster through differentiation than the unpatterned 
control cells as demonstrated by the earlier upregulation of NSC/NP and neuronal markers, 
and then the earlier downregulation of NSC/NP markers (Figure 6-5A-D).  Also by the end of 
Stage 3 (second culture period of topography), the cells on the 2µm gratings had a higher 
expression of TUJ1, the immature neuronal marker, and also exhibited a more neuronal 
morphology as compared to the cells on the unpatterned control (Figure 6-5E-F).  As such, 









Figure 6-5 H7 and iPS-IMR90 progress through neural differentiation faster on 2µm 
gratings: The A,C) transcript  and B,D) surface protein levels for markers of hPSCs, 
NSC/NPs, and immature neurons were tracked through neural differentiation of H7 (A,B) and 
iPS-IMR90 (C,D) cells.  hPSCs cultured on 2µm gratings (orange) in Stage 1 and 3 had a 
greater upregulation then downregulation of NSC/NP markers after progressing through that 
NSC/NP state earlier than hPSC cultured on the unpatterned control (blue).  They also had a 
greater upregulation of neural markers and downregulation of pluripotent markers.  E) H7 and 
F) iPS-IMR90 cells stained with DAPI (blue), immature neuronal marker TUJ1 (green) and 
GFAP (red) demonstrated that culture on 2µm gratings induced a higher expression of TUJ1 
and had a more neuronal morphology as compared to the unpatterned control. * indicates 






6.3 Additive Effect of Topography  
We then explored whether the additional period of culture on topography (Stage1) caused an 
additive effect on the increased neural differentiation rate.  This was done by tracking the 
normalized median fluorescence intensity (Figure 6-1C) of NSC/NP markers, FORSE-1 and 
SSEA1 every other day during Stage 3.  Our four test groups consisted of hESC on 
topography during both Stage 1 and Stage 3, only during Stage 1, only during Stage 3, or 
never (Table 6-1).   
Table 6-1 Conditions to assess the temporal effect of topography 
 
Stage 1 
Day -7 to Day 0 
Adherent 
Stage 2 
Day 0 to Day 4 
Embryoid Bodies 
Stage 3 
Day 4 to Day 14 
Adherent 
Unpatterned Control    
Stage 1 only    
Stage 3 only    
Stage 1 & 3    
 
 indicates cells are cultured on 2µm gratings 
 
By evaluating the upregulation and downregulation of FORSE-1 and SSEA1, it appears that 
the effect of topography is additive.  We initially observed that cells cultured on the 2µm 
gratings in Stage 1 have a greater upregulation of both FORSE-1 and SSEA1 at days 4 and 6 
(Figure 6-6).  However, around day 8, cells cultured on the 2µm gratings during Stage 3 have 
matured past the NSC/NP state and begin to downregulate FORSE-1 and SSEA1 faster than 
those on the unpatterned control, indicating that the topography is guiding the cells through 
neural differentiation more rapidly.   However, the cells which were cultured on the 2µm 
gratings during both Stage 1 and Stage 3 progressed more quickly than the cells cultured on 
the 2µm gratings during Stage 3 only, which was more mature than cells cultured on the 2µm 
gratings during Stage 1 only, which was more mature than cells cultured only on the 
unpatterned control (i.e. Stage 1 & 3 > Stage 3 > Stage 1 > Unpatterned Control).  As such, 
the effect of topography seems to be additive, and the additional culture on topography in 




Figure 6-6 The additive effect of topography: Expression of NSC/NP markers, FORSE-1 
and SSEA1, were tracked by flow cytometry during Stage 2 for cells cultured on the 
unpatterned control, the 2µm gratings  during Stage 1 only, the 2µm gratings during Stage 3 
only, or the 2µm gratings during Stage 1 and 3.   The changes in nMFI of FORSE-1 and 
SSEA1 indicate that the effect of topography is additive, where the Stage 1 & 3 group 
progressing most quickly through differentiation, closely followed by Stage 3 only group, 
then Stage 1 only group, and the unpatterned control group progressing the most slowly.  
Brackets indicate p<0.05 between groups. 
 
 
6.4 Increased Neural Differentiation Rate Independent of Grating 
Dimensions  
We have also investigated the effect of grating dimensions on the early neural differentiation 
of hESC on gratings (all with equal line width and spacing).  We looked at 3 gratings with a 
1:1 (line width:depth) aspect ratio and a feature size of 250nm, 2µm, or 10µm, and 2 gratings 
with aspect ratios of 1:0.3 and 1:0.06 and feature sizes of 2µm and 10µm, respectively 
(Topographies #4-8, Table 5-1).  Cells cultured on the micro-gratings with 1:1 aspect ratios 
had the greatest elongation and alignment (Figure 6-7A-F).  The elongation and alignment 
diminished as the aspect ratio decreased and when we used nano-gratings.  This may be 
partially due to the nanometer range depths, but the aspect ratio seems to have an effect as 
individual cells on the 250nm gratings with a 1:1 aspect ratio appear to be more elongated 
than the cells on the 2µm gratings with a 1:0.3 aspect ratio, and on the 10µm gratings with 
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1:0.06 aspect ratio.  Interestingly, the morphology did not appear to predict the neural 
induction capabilities of the topography. Cells were cultured on these gratings until Stage 2 to 
observe any differences in transcript and protein expression in early neural differentiation.  
We did not observe a consistent trend between the transcript and protein expression changes.   
The expression of NSC/NP and early neuronal transcripts were highly expressed in low aspect 
ratio gratings (Figure 6-7G), however, the NSC/NP and early neuronal surface proteins were 
not more significantly expressed in any particular grating (Figure 6-7H).  The lack of 
difference in the surface protein expression may be due to translational controls or indicate 
that further differentiation is required to observe the differences in protein expression.  
However, with such striking differences in the grating morphology, we expected to see 
distinct differences in the transcript and protein expressions of the NSC/NP markers by day 4, 
as previously observed; that we did not, suggests that morphological changes are not 




Figure 6-7 Grating dimensions affect hESC morphology but effect on hESC neural 
differentiation remains unknown: hESC colonies seeded onto A) unpatterned TCPS, B) 
2µm gratings (1 : 0.3), C) 10µm gratings (1 : 0.06), D) 250nm gratings (1 : 1), E) 2µm 
gratings (1 : 1), or F) 10µm gratings (1 : 1) for 55 hours before being stained with phalloidin 
(green) and DAPI (blue).  On gratings, cells and colonies acquired an aligned morphology, 
with greater elongation and alignment on microgratings with a 1 : 1 aspect ratio.  The 
expression of pluripotent, NSC/NP, and early neuronal G) transcripts and H) surface proteins 
do not indicate a corresponding difference in hESC neural differentiation. Gratings are 
aligned horizontally (white arrows). Scale bar is 200µm.  Aspect Ratio written as (width : 




By adapting a neural differentiation protocol to include the use of gratings embossed onto 
TCPS, we demonstrated that 2µm gratings increase the rate of neural differentiation by 1-2 
days when hPSCs are cultured on them.  Using two hESC lines, HES-3 and H7, and one iPSC 
line, iPS-IMR90, we showed that cells became more neural-like after 7 days of culture on 
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2µm gratings in hESC maintenance conditions.  This suggests that topography can play a 
large role in modulating hPSC fate even in a highly supportive environment.  This has great 
implications for future differentiation protocols, as topography can be employed to decrease 
the amount of biochemical cues required and to ‘prime’ the cells towards a certain lineage or 
cell type by using the appropriate topography while generating a large quantity of hPSC for 
differentiation.  We have also shown that cells cultured for an additional 10 days on 2µm 
gratings continued to proceed more rapidly to a more mature state, as demonstrated by the 
earlier downregulation of NSC/NP markers, which indicates the maturation past the NSC/NP 
stage.   Therefore, with the addition of topography into future differentiation protocols, it may 
be possible to decrease the differentiation periods, as well as the quantity of biochemical cues 
used.   This would better streamline and expedite the generation of the cells required for tissue 
engineering.  We have summarized the changes in marker expression through differentiation 
and how this affected by topography in the schematic of Figure 6-8.  
 
 
Figure 6-8 Schematic of the difference in marker expression change during hESC neural 
differentiation with or without topography: As hPSCs progress through neural 
differentiation on topography, pluripotent, NSC/NP, and early neuronal marker expression 
changes indicate that differentiation is occurring at a faster rate on the 2µm gratings (orange) 
as compared the unpatterned control (blue).  Pluripotent marker expression was 
downregulated more quickly, NSC/NP marker expressions were upregulated then 
downregulated more rapidly as cells matured past that state, and neuronal markers were 




Our study utilized the half-adherent protocol, which intensified the effect of the 2µm gratings 
in hPSC neural differentiation as compared to the fully-adherent protocol.  We speculate that 
the topographical effect was more pronounced because of the greater paracrine signaling or 
cell-cell contact signaling within the embryoid body, and the limitations in available area for 
cell growth in the adherent culture.  The greater effect could also be due to the differentiation 
protocol we adapted, which was originally optimized with an embryoid body stage; thus, a 
crucial signal may be lost without this stage.  We had chosen to adapt this protocol because it 
is similar to the majority of neural differentiation protocols in use; however, fully-adherent 
protocols utilizing SMAD inhibitors
11,17
 have been generated.  We postulate that adapting one 
of the fully-adherent protocols to utilize topography will be equally effective.  A fully-
adherent neural differentiation protocol utilizing topography would be particularly effective 
as we have generated preliminary data that indicates that the effect of topography is additive.  
Thus, if we were to employ topography in more stages of differentiation, we may be able to 
further decrease the differentiation period and the quantity of biochemical cues needed.  
However, further study of the temporal importance of topography at the transcriptional and 
protein levels of the individual sub-populations is required.   
 
Similarly, the effect of different grating dimensions on hPSC neural differentiation needs to 
be explored further.  Our preliminary data demonstrated that the grating dimensions induced a 
large difference in morphology, but we did not observe a corresponding effect in the 
differentiation markers at a transcript and surface protein level.  Furthermore, the trend of 
transcript and surface protein marker expression changes differed, suggesting that translation 
may be regulated.   We also speculate that our system was not sensitive enough to measure 
the subtle differences between the cells on gratings with different dimensions at this early 
stage.  In our study the first ‘priming’ stage of our protocol was able to induce changes in 
gene and protein expression to indicate the cells were more neural-like; however, these 
changes were not as great as the changes observed after Stage 3, where the biochemical cues 
supported neural differentiation instead of promoting self-renewal.  As such, we speculate 
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that the conflicting biochemical and topographical cues diminished the extent of marker 
expression change that we expected would correlate with the striking morphological 
differences observed.   If the differentiation were taken through to the end of Stage 3, where 
both biochemical and topographical cues support neural differentiation, we expect to see 
differences in the gene and protein expression that correlates with the morphological changes.   
Alternatively, the use of markers that define earlier stages of differentiation, such as FGF5, 
may allow us to detect the differences at this early stage
158
.   The differences may also 
become more apparent at earlier stages if we were to simultaneously look at the expression of 
both primitive ectoderm and NSC/NP markers, as the different grating dimensions may cause 
the appearance of additional sub-populations or vary the composition of the culture 
population.  As such, we strongly believe that hPSC neural differentiation is modulated by the 
different grating dimensions, as evidenced by the varied morphological response and that with 
appropriate modifications, the corresponding changes in transcript and protein expression can 
be observed. 
 
The mechanism(s) that transduce the topographical signals into cell phenotypes are unknown, 
but the rearrangement of the cytoskeleton and the elongation of the nuclei are thought to be 
involved.  The rearrangement of the cytoskeleton and the elongation of the nuclei may be the 
result of greater contact guidance from the different deposition behavior of extracellular 
matrix due to the topography.  As has been demonstrated previously, sharp discontinuities 
result in an increase in local surface energy resulting in a greater adsorption of protein
159
.  
Thus, at the edges of our grating, a greater concentration of protein may be adsorbed, thereby 
providing more direct guidance for the filopodia and hence the cell to spread and elongate 
along the grating axis.  Additionally, the cells may secrete additional extracellular matrix 
proteins in response to the topography
160
 to further promote the rearrangement and elongation 
of the cytoskeleton  and nucleus, respectively.  Previous studies have correlated the changes 
in the cytoskeleton to the changes in the gene and protein expression profile, where the 
signals are transduced through the physical link between the transmembrane integrins, 
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cytoskeleton, and nuclear membrane
124,161,162
.  The deformation of the nucleus in turn causes 
rearrangements of the centromeres, which likely alters the transcriptional state of the cell
162
.  
For example, the nuclear deformation may alter the functional state of the nucleosome 
remodelling deacetylation (NuRD) complex, which has recently been shown to play a key 
role in modulating transcriptional heterogeneity in mouse ESCs by deactivating the enhancers 
of pluripotency gene expression
163,164
.   The functions of the NuRD complex include the 
silencing of pluripotency transcription factors during differentiation and the reduction in 
expression of the pluripotency transcription factors during normal ESC maintenance, thereby 
creating the sub-populations found in culture
164
.  We speculate that the existence of these sub-
populations contributes to the increased neural differentiation rate we observed.   With our 
additional priming step on 2µm gratings in maintenance conditions, we may have increased 
the percentage of cells in the sub-populations primed for differentiation, as well as increased 
the expression of neural markers in this sub-population.  Thus, when we continued neural 
differentiation with additional biochemical cues, there were a higher percentage of cells 
within the sub-populations primed for neural differentiation, thereby causing cells cultured on 
topography to progress through differentiation more quickly.  Additionally, a greater number 
of signaling pathways may have been activated with the combined cues from the topography 
and neurotrophic factors; thereby enhancing the neural differentiation rate of hPSCs.   
 
6.6 Summary 
In this chapter, we have demonstrated hPSCs gain an elongated morphology along the grating 
axis and that the extent of this change is dependent on the grating dimensions.   We have also 
determined that 2µm gratings increase the neural differentiation rate of hPSCs and additional 
periods of culture on topography increase the effect.  Thus, with the use of topography, it is 
possible to decrease the differentiation period and the amount of biochemical cues used, 




Chapter 7:  Conclusions & Recommendations 
In this thesis we have met our two objectives by (a) developing quantitative and accurate 
methods of flow cytometry analysis to track hPSC differentiation, and by (b) determining that 
2µm gratings increase the rate of hPSC neural differentiation. The two alternative flow 
cytometry analysis methodologies developed utilize the median fluorescence intensity or 
fixed fluorescence intensity gates to more precisely and accurately monitor the changes in 
surface marker expression during hPSC differentiation.  We have shown the efficacy of nMFI 
by demonstrating its improved ability to identify the state of the starting population, to track 
differentiation through both pluripotent and lineage-specific markers, and to compare 
differentiation runs, as compared to a bulk-gate analysis methodology.  Similarly, we have 
shown the utility of fixed fluorescence intensity gates to analyze the changes within particular 
subsets of the population, and have demonstrated that this methodology is as sensitive and 
accurate as the nMFI.  It would be interesting to integrate these two methodologies to first 
determine threshold ranges for sets of markers to determine the hPSC state and then to 
separate sub-populations within the hPSC culture.  As previously discussed, the nMFI could 
potentially demarcate a range that defines when an hPSC is pluripotent, in a transitional state 
or beginning to differentiate.  The nMFI could also potentially be used to define the range of 
expressions that divide different hESC subpopulations; therefore, it would be interesting to 
observe whether cells separated by the nMFI would be functionally different, as previously 
found by Tonge et al.
25
.  As a whole, these two methodologies provide scientists with new 
tools to more precisely track antigen expression, optimize differentiation protocols, and 
determine the constituent sub-populations in the culture.  
 
In the course of our work we have also optimized our heat embossing, surface treatment, and 
cell culture protocols to utilize topographies in multiple hPSC maintenance and differentiation 
conditions. With these optimized protocol sets, we observed the morphological changes 
induced by topography, as well as the ability of various topographies to support hESC 
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pluripotency.  Two particularly interesting observations were the varying extent of elongation 
along the grating axis when hPSC colonies were cultured on gratings of differing dimensions, 
and the different filopodia extension behavior on the gratings as compared to the unpatterned 
control.   From these two observations it would be fascinating to evaluate the differences in 
hPSC behavior when cultured on gratings of differing dimensions spanning both nano and 
micron ranges.  This behavior includes high magnification imaging to observe individual cell 
morphology and filopodia behavior, as well as tracking the changes in focal adhesion 
complex and cytoskeletal protein expression.  From these experiments, we may be able to 
obtain a better understanding of how cells are able to sense their environment as well as how 
they react to their environment differently.  Additionally, it would be interesting to further 
differentiate the hPSCs on the gratings with varied dimensions to observe the role of grating 
dimension on neural differentiation.  More specifically, tracking the gene and protein 
expression as hPSCs proceed through the full neural differentiation process on the gratings 
and monitoring the appearance of sub-populations may help elucidate the role of grating 
dimensions.   
 
The final set of experiments completed in this thesis demonstrated that gratings increased the 
neural differentiation rate of hPSCs and that the topographical effect may be additive.  From 
this set of conclusions, there are three directions that are of particular interest – the more 
extensive utilization of topography in neural differentiation, the induction or inhibition effect 
of topography and the mechanism that cause the increased differentiation rate.   Topography 
can be further utilized in neural differentiation by first determining the effect of prolonged 
culture (i.e. several passages) of hPSCs on gratings in maintenance conditions and then by 
determining whether a fully adherent differentiation protocol can be utilized (e.g. Chambers 
et al. SMAD inhibitor protocol
11
).   By testing these conditions, it would be possible to find a 
more optimal neural differentiation topography protocol to generate neurons in an efficient 
manner.  In this study, we limited our observations to markers of the neural lineage, but it 
would be interesting to see if the expression of other germ lineages differed between cells 
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cultured on topography and those on the unpatterned control.  This would help to elucidate 
whether topography plays an inductive, inhibitory, or combinatorial role.   A final direction of 
interest would be to look at the mechanism the cell utilizes to interpret the topographical cues 
to increase the neural differentiation rate.   It would be interesting to determine whether there 
is a particular regulator whose function is inhibited or enhanced to induce faster neural 
differentiation, or whether a particular signaling pathway utilized is streamlining the 
differentiation process.  With further exploration along these pathways a greater 
understanding of topographical influence on hPSC differentiation can be obtained and applied 
to enhance the cell yield for tissue engineering applications.  
 
As a whole, this thesis has verified its hypothesis that the use of gratings augments the 
differentiation yield and efficiency of hPSCs into neuronal cells by increasing the rate of 
differentiation.  This was done by utilizing the two flow cytometry analysis methodologies we 
developed, which utilize the median fluorescence intensity or fixed fluorescence intensity 
gates to more accurately track hPSC differentiation, to conduct an in-depth study of the effect 
of gratings on hPSC neural differentiation.  During the course of this study, we found that in 
addition to 2µm gratings increasing the rate of neural differentiation, additional periods of 
culture on the gratings would increase the effect on the differentiation rate, and that different 
feature dimensions could potentially modulate this effect.   We envisage that this work will be 
applied to future neural differentiation protocols utilizing topography, and direct future 
researchers to decrease the duration of the differentiation stages, incorporate topography into 
the maintenance to increase the overall efficiency and reduce the quantity of neurotrophic 
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Appendix A: Supplementary Figures 
 
Figure A-1 Change in pluripotent and differentiation markers during hepatic, 
chondrogenic and neurogenic differentiation: Graphical representations of the changes in 
expression of A) mAb 84 and B) SSEA1 during hepatic (blue diamond ), chondrogenic 
(green circle ) and neurogenic (orange square )   differentiation of HES-3 cells, and of C) 
CD-133/2 (red square ) and FORSE-1 (purple square ) during neurogenic differentiation 
of H7 cells as tracked by nMFI (solid) and %Pos (dashed).  Key points where the %Pos has 




Figure A-2 Histograms of positive and negative marker expression changes during 
chondrogenic differentiation: Histograms showing the negative control (dashed) and the 
stained sample (solid) at each subsequent time point of chondrogenic differentiation.  The 
cells were stained for the differentiation markers (positive) SSEA1 and SOX9, and the 





Figure A-3 Histograms of positive and negative marker expression changes during 
neurogenic differentiation of HES-3 cells: Histograms showing the negative control 
(dashed) and the stained sample (solid) at each subsequent time point of neurogenic 
differentiation.  The cells were stained for the differentiation markers (positive) SSEA1 and 





Figure A-4 Histograms of positive and negative marker expression changes during 
neurogenic differentiation of H7 cells: Histograms showing the negative control (dashed) 
and the stained sample (solid) at each subsequent time point of neurogenic differentiation.  
The cells were stained for the differentiation markers (positive) SSEA1, PSA-NCAM, 





Figure A-5 Histograms of positive and negative marker expression changes during 
hepatic differentiation: Histograms showing the negative control (dashed) and the stained 
sample (solid) at each subsequent time point of hepatic differentiation.  The cells were stained 
for the differentiation markers (positive) SSEA1 and PEPCK, and the pluripotent markers 





Figure A-6 Changes in pluripotent antibody marker expression with FGF-2 deprivation: 
Graphical representation of the change in expression of mAb 5, mAb 84, mAb 85, and Tra-1-
60 with the deprivation of FGF-2 from either of three culture conditions A) SP+FN (StemPro 
hESC serum-free medium and fibronectin at 385µg/ml), B) SP+MG (StemPro hESC serum-
free medium and Matrigel at 42.5µg/ml), or C) CM+MG (Conditioned hESC maintenance 
media and Matrigel at 42.5µg/ml) on commercial tissue culture polystyrene (TCPS), 2µm 
pillars, 2µm wells, 1µm gratings, or an unpatterned control. Consistent upregulation or 





Figure A-7 Multi Architectural Chip layout: The Multi Architectural Chip (MARC Chip) 
is composed of 18 different topographies ranging from gratings (G, 1-4, 13), pillars (P, 6-8, 
12), wells (W, 5), microlens (M, 14-17), hierarchical structures (9-11) and motheye (18).  
These topographies differ in lateral and depth with dimensions ranging from sub-micron to 
micron, as indicated below each pattern.  Dimensions written as width/diameter; period; 






Figure A-8 Representative OCT4 staining of MARC chip: After 10 days of culture on the 
laminin-coated MARC Chip and unsupplemented and unconditioned hESC maintenance 
media, HES-3 cells were stained for OCT4 and the number of OCT4
+
 cells were quantified 
for each topography.   Representative images are shown here; at least 4 images were taken for 







Figure A-9 Transcript and protein levels with and without topography after Stage 1 and 
2: A) Transcript and B) protein levels for markers of hESCs, NSC/NPs, and immature 
neurons at Day 4 and Day 0, respectively. * indicates p<0.05 between unpatterned control and 




Figure A-10 FORSE-1 and SSEA1 expression change indicates that 2µm gratings induce 
faster differentiation of hESC to the NSC/NP state and then onto an early neuronal state: 
Expression of NSC/NP markers, FORSE-1 and SSEA1, were tracked using flow cytometry 
and presented as a normalized median fluorescence intensity.  Cells on the 2µm gratings were 
differentiated into NSC/NPs earlier, as indicated by the higher normalized median 
fluorescence intensity, and then matured out of that state faster than the cells on the 
unpatterned control, as shown by the faster decrease in intensity after day 6. * indicates 





Appendix B: Supplementary Tables  
Table B-1: Primary & secondary antibodies for flow cytometry 







FORSE-1 DSHB - Mouse 1:50 
mAb 84 (anti-PODXL) - - Mouse 1:50 
PEPCK Santa Cruz 
Biotechnology 






SOX9 abcam AB76997 Mouse 1:50 
SSEA1 Santa Cruz 
Biotechnology  
SC-21702 Mouse 1:50 
SSEA4 BioLegend 330402 Mouse 1:50 
Tra-1-60 Chemicon MAB4360 Mouse 1:50 
Secondary Antibodies 
Anti-Mouse Ig DakoCytomation F0479 Goat 1:500 






Table B-2: Primary & secondary antibodies for immunostaining 
Antigen Brand Cat # Species Dilution 
Primary Antibodies 
β-Tubulin III (TUJ1) Chemicon MAB1637 Mouse 1:500 
GFAP DakoCytomation Z0334 Rabbit 1:500 
Musashi-1 (MSI1) Chemicon AB5977 Rabbit 1:250 




SC-9081 Rabbit 1:100 
PAX-6 DSHB - Mouse 1:500 
SOX9 (clone 3C10) Sigma M2 Mouse 1:100 
Secondary Antibodies 
Alexa Fluor® 488 anti-
mouse IgG 
Life Technologies A11017 Goat 1:500 
Alexa Fluor® 594 anti-rabbit Life Technologies A11072 Goat 1:500 
Alexa Fluor® 647 anti-
mouse IgG 
Life Technologies A21235 Goat 1:500 
F-actin (Alexa Fluor® 488 
Phalloidin) 








Table B-3: TaqMan® gene expression assays 





phosphoriboxyltransferase 1 (HPRT1) 
Hs01003267_m1 4331182 FAM 
musashi homolog 1 (Drosophila) 
(MSI1) 
Hs00159291_m1 4331182 FAM 
nestin (NES) Hs00707120_s1 4331182 FAM 
neurofilament, light polypeptide 
(NEFL) 
Hs00196245_m1 4331182 FAM 
paired box 6 (PAX6) Hs01088112_m1 4331182 FAM 
POU class 5 homeobox 1; POU class 5 
homeobox 1 pseudogene 3; POU class 
5 homeobox 1 pseudogene 4 (OCT4) 
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